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ABSTRACT 
The kinetics of the production of hydrogen and carbon 
dioxide from methanol and water over a zinc-copper-aluminum 
catalyst was studied using a plug flow reactor. The kinetic 
runs were conducted with a constant 26.2 wt% methanol feed. 
The changing parameters were the catalyst bed weight, tem-
perature of reaction (200°, 240°, or 300° C), volumetric 
feed rate, and method of catalyst reduction. 
Using integral analysis, the results showed strong 
preference toward the rate of the reaction being first 
• I 
order with respect to methanol as expressed 1n -rA = kCA. 
The rate constant was found to range from 2 - 5 ft3/min-lb 
as the temperature altered from 200° to 300°c. The activa-
tion energy was calculated as 7,5118 x 103 Btu. The mech-
anism by which this occurred was speculated to go through 
methanol decomposition to form carbon monoxide and hydrogen 
and then through the water-gas shift reaction to produce 
the final products. Hydrogen and carbon dioxide were pro-
duced in a 3 to 1 ratio with traces of carbon monoxide being 
i detected analytically while methanol conversion varied from 
'i 
.0899 to .8338. The method of reduction of the catalyst was 
a dominate factor in altering the selectivity of the catalyst. 
i] Reduction with 2% methanol produced dimethyl ether and 
'l ., 
.j altered the mechanism. 
" I 
l ~ 
.il 
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1. INTRODUCTION 
The objective of every chemical industrial plant is to 
transform a given quantity of particular reactants to spe-
_'j cific products. This transformation or reaction is performed 
in equipment of reasonable economical size, referred to as 
reactors, under tolerable conditions of temperature and 
pressure. 
The chemical plant will also have auxiliary equipment 
to physically treat the raw materials to become chemically 
reactive and additional treating units designed to separate 
and isolate the final product. The reactor though is the 
heart of the plant, and the behavior occurring within it 
is the key to the entire process. 
To design reaction equipment, an understanding of the 
rate of the reaction and how this can be used to size the re-
actor is needed. The rate is influenced by several variables 
such as temperature, pressure, transfer properties, and com-
position of the reaction mixture. It may also be altered by 
the presence or absence of a catalyst which provides a mech-
anism that accelerates the rate. 
The approach to determine the kinetic information begins 
with securing basic laboratory data relating conversion to 
the desired product as a function of the given variables. 
This information is then used to scale up the process to 
a pilot plant size. All the information is then organized 
with physical parameters (heat-transfer coefficients, etc.) 
-2-
(1 
to create a mathematical model. This permits comparisons 
and predictions of reactor performance when a commercial 
size is considered. 
A fixed bed catalytic flow reactor pilot unit was avail-
able to do parametric studies on the production of hydrogen 
from methanol and water. This reaction is convenient for 
experimental studies due to its endothermic nature and its 
~ easily attainable and inexpensive feed stock. The purpose 
of the investigation was to determine the rate of the re-
action, determine what factors influenced the conversion, 
and speculate on a possible mechanism by which the reaction 
1 occurred. i 
l 
,l 
l 
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2, BACKGROUND: HYDROGEN PRODUCTION 
Several methods are in existence to produce hydrogen 
from various sources. The hydrogen in turn can be used in 
several industrial processes such as the synthesis of ammonia, 
the synthesis of hydrogen chloride, in the processing of 
1 hydrocarbons, and the hydrogenation of fats and oils. Some 
of the production methods include formation by thermal de-
composition of natural gas, by contacting steam on heated 
iron, by electrolysis of water, and by the catalytic action 
of steam on oil refinery gases and natural gas. The choice 
of a process is decided by the resources at hand and the 
degree of purity required. Rapid generation with a minimum 
of apparatus in an isolated place was a goal when the steam-
methanol process was developed.(l) 
Initial investigations which led to the development of 
this process, were carried out on the synthesis of methanol 
from carbon monoxide and hydrogen and the reverse decompo-
sition reaction. The principle interest was the mechanism 
of methanol synthesis. Little consideration was given to 
the production of hydrogen by this method. 
In 1921 J. A. Christiansen(Z) observed that a mixture 
of steam and methyl alcohol vapor, when passed through finely 
divided reduced copper, reacted to form hydrogen and carbon 
dioxide. He showed that the reaction 
CHJOH + H2o ~CO2 + JH2 (1) 
proceeded sensibly without side-reactions at 255°c and only 
-4-
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·1 
i 
traces of free acid and carbon monoxide were found. 
In 1947 A. T. Larson(J) patented the process nearly car-
bon monoxide free, to produce hydrogen from methanol and water 
in a fixed catalyst bed reactor. His process allowed the 
hydrogen and carbon dioxide to be readily separated from the 
resulting mixture by a suitable washing or scrubbing operation. 
It was then possible, by means of this process, to set up 
economical, relatively light weight equipment which could be 
operated with simplicity. It became a practical process for 
the preparation of hydrogen at the point where it was to be 
used. 
The application for the patent was found during vJorld 
War II when portable hydrogen manufacturing plants were 
carried on trucks built for the Army in which methanol and 
steam reacted catalytically to produce hydrogen and carbon 
dioxide.( 4) Since the temperatures of operation were suffi-
ciently low the equipment was fabricated from ordinary steel. 
The capacity of the portable plants was 4000 cubic feet of 
hydrogen and 150 pounds of liquid carbon dioxide per hour. 
The purity of the hydrogen produced was 98.4%, 
Larson(J) suggested that operating conditions should 
include passing the reactants 
velocity between 200 and 5000 
space velocity between 750 to 
over the catalyst at a space 
-1 hours but preferably at a 
-1 1500 hours . The space 
velocity was measured as the volume of a gas, under stan-
dard conditions of temperature and pressure, flowing over 
-5-
a unit volume of the catalyst per hour. He also stated 
that the reaction could be conducted over a wide range of 
temperatures but was preferably conducted at a temperature 
between 150° and 350°c. For low carbon monoxide gas con-
tact, temperatures should be between 250° and 325°c. 
It was determined that the mole ratio of water to 
methanol could vary from 1.5 to 6 instead of maintaining 
a one to one relationship as set by the stoichiometry of 
the equation. It was found though that this ratio governed 
the carbon monoxide produced. As the mole ratio of water to 
methanol increased, the amount of carbon monoxide in the gas 
decreased. For a particular ratio, as the temperature de-
creased, the volume percent of carbon dioxide in dry hydrogen 
also decreased. Therefore as the mole ratio increased there 
was a greater temperature span at which the reaction could 
be operated to maintain a carbon monoxide production below 
a desired 1%. 
The catalysts which were found suitable for the reaction 
included catalysts obtained by the fusion or coprecipitation 
of copper and zinc oxides or chromates and copper manganese 
catalysts. 
-6-
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J. EXPERIMENTAL APPARATUS AND PROCEDURE 
3.1 Pilot Plant 
:2 
::1 A schematic representation of the apparatus used in 
·/ 
studying hydrogen production from methanol is given in 
Figure 1. This drawing disregards the auxiliary equipment 
that was included in the unit for purification of the exit 
gas stream. A detailed description of the equipment and 
operation of the entire pilot plant can be found in 
Appendix C. A brief summary of the reactor system is 
given in the following paragraphs beginning with the feed 
tanks. 
Pressurized storage tanks contain the prepared methanol 
feed solution of 26.2 weight percent alcohol. The liquid 
feed passes through a metering valve and rotameter where the 
feed rate can be monitored. The methanol feed is then vapor-
ized in a steam vaporizer and passes through electric heaters 
be fore entering the reactor. The reactor is a 22" by 2", 
316 stainless steel pipe that is wrapped with ceramic heating 
coils which are manually regulated by autotransformers. Four 
thermocouples are located inside the catalyst bed with two 
additional thermocouples at the entrance and exit of the 
reactor. These are used to determine the temperature profile 
in the bed. A diagram of the reactor with each thermocouple 
location is given in Figure 2. 
The gas product leaving the reactor is condensed in a 
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water cooled condenser and then passed into a separator where 
the gas and liquid products are obtained. The liquid-vapor 
separator described in the operating manual in Appendix C 
was replaced with a 20" by li'' (O.D.) copper tube so that 
the collected liquid and gas samples would correspond to 
the same time element. The gas product either exits through 
a wet test meter which measures volumetric flow or is sent 
through an inline gas chromatograph for qualitative measure-
ments. The liquid is collected and its concentration deter-
mined by measuring its specific gravity with hydrometers 
or/and its refractive index with a table top refractometer. 
3.2 Materials 
The reactor was originally filled with a mixture of 
.20324 pounds (92.19 grams) of catalyst and 1.43299 pounds 
(645.91 grams) of inert alumina cylinders. The silica 
alumina cylinders are low surface area inert particles that 
were used to dilute the catalyst bed and allow better tem-
perature control. They were initially heated in a furnace 
at 6oo°F for 72 hours to assure that they would be inactive 
in the reactor. A combination of two pellet grades were 
used which contain the following properties: 
-10-
Supplied by Grace/Davidson Chemical 
Chemical Composition 
Silica 86.5% 
13 ,0% 
Sulfate .JO% 
Iron 
Chloride 
,05% 
.05% 
.OJ% 
<.01% 
Grade 970 Silica Alumina 
J/16" pellets 
100 m2/g surface area 
,28 cc/g total pore volume 
Grade 980 Silica Alumina 
3/16" pellets 
375 m2/g surface area 
.40 cc/g total pore volume 
Measured Quantities 
Diameter 
Length 
.178 in 
.197 in 
Weight per pellet .0825 grams 
Density - .60345 g/cc 
Void fraction .4117 
Volume per pellet - .0049023 in3 = .080JJJ6 cm3 
The catalyst used is a commercially available one, ob-
tained from United Catalysts. It is a 1/4" x 1/8" tablet that 
is a coprecipitated copper - zinc - aluminum oxide with the 
following chemical and physical properties: 
44.3% CuO 40 m2/g surface area 
46,3% ZnO 
9,4% Al2o3 
.02% Sodium 
.01% Sulfur 
,007% Chloride 
.20 cc/g total pore volume 
0 
greater than 29A 
35 lb 
-11-
DWL side crushing 
strength 
J.J Procedure 
Before operating the pilot plant for experimental studies, 
the catalyst first had to be reduced to become active. This 
was done by heating it to 200°c with gas which was formed by 
vaporizing a 2% by weight solution of methanol in water. This 
feed was continued at a rate of 2 pounds of feed per hour per 
pound of catalyst for almost six hours. 
A series of runs were then made by keeping a constant 
feed concentration of 26.2 wt% methanol and varying the feed 
rate between 5 and 40 cc/min at three selected temperatures of 
200°c, 24o 0 c and 300°c. 
The catalyst bed was then replaced with fresh catalyst 
mixed with glass beads as inert material. A mixture of .44114 
pounds (200.l g) of catalyst and 2.70617 pounds (1227.5 grams) 
of glass beads was used. The method of reduction used in this 
case was a method suggested by the catalyst manufacturer. A 
mixture of 2% hydrogen in nitrogen was fed into the reactor at 
200°c. A space velocity through the reactor of 1000 hour -l 
was maintained for four hours until all the hydrogen was re-
covered which indicated that the reduction was complete. 
A series of runs were again made by altering the feed 
rate and temperature while holding the feed concentration 
constant. In this manner a wide range of W/FAO and conversion 
(XA) were obtained which allowed the system to be defined as an 
integral reactor and the rate equation determined accordingly. 
-12-
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J.4 Analytical Techniques 
The analysis of the gas product mixture was done using 
a Beckman GC-1 Gas Chromatograph, equipped with a thermal 
conductivity detector. The column and the detector were 
operated isothermally at 4o 0 c. The column used was a one-
quarter inch aluminum tube, 10 feet long, packed with di-n-
butyl maleate, coated onto C-22 firebrick. Helium was used 
as the carrier gas at a flow rate of approximately 47 cc/min 
while the gas sampling valve supplied 1.2 cc of gas mixture 
for separation. A one-eighth inch by 10 foot stainless 
steel column packed with 60-80 mesh Porapak Q and a one-
quarter inch by 12 foot stainless steel tube packed with 
100-120 mesh Porapak Q were used in addition to the 
original column. 
Supplementary gas analysis were also done using a 
mass spectrometer and a Hewlett-Packard Model 57JOA Gas 
Chromatograph coupled to a Hewlett-Packard Model JJ88A inte-
grator. The column used in this gas chromatograph was a one 
eighth inch by 6 foot tube packed with 80-100 mesh Porapak Q. 
It was operated with a carrier gas flow of 20-JO cc/min, 
injection temperature of 250°c, and a column temperature 
of loo 0c. 
-13-
4. EXPERIMENTAL DATA 
For each experiment conducted, the pilot plant reached 
steady-state in two to four hours and remained steady for 
one to two hours while samples were collected and operating 
conditions recorded. The temperature profiles obtained for 
the reactor for each experimental run can be found in Tables 
1 - 14. A typical steady-state condition can be seen from 
the strip chart temperature recorder in Figures 3 and 4. 
During this steady-state period the gas and liquid samples 
were collected and analyzed. Measurements of liquid density, 
refractive index, volume of liquid effluent collected, gas 
volumetric flow rate, and gas chromatogram traces were re-
·1 corded at 15 minute intervals while at steady-state. The 
i ,, 
manipulation of these experimental data into meaningful 
results is described as follows. 
4.1 Interpretation of Liquid Effluent 
From the density and refractive index measurements 
made on the liquid effluent collected from the liquid-vapor 
separator it was possible to determine the unreacted methanol 
and the percent conversion of the reaction. The concentr-
tion of this liquid could not be used directly to determine 
conversion since water was a product of the reaction and 
concentration is taken as a relationship to water. There-
fore the following relationships were developed. 
-14-
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Time 
4:30 
4:45 
5 :00 
5:15 
5:30 
5:45 
6:00 
6:15 
Time 
5:15 
5:30 
5:45 
6:00 
Table 1 
Experimental Data From Operation on June 8 
Reactor Temperature= 200°c 
Feed Rate= 28 cc/min 
Feed Composition= 26.2 wt~ Methanol 
Temperature Profile in Degrees C 
1 2 3 
Thermocouple Labels 
4 5 6 7 11 12 
240 196 188 177 154 92 290 14 22 
253 211 203 196 174 91 299 15 23 
255 216 207 199 178 92 297 14 22 
245 215 210 204 182 92 282 14 23 
234 208 207 204 184 92 269 15 24 
228 203 203 201 185 93 262 15 24 
225 199 199 197 186 94 259 15 25 
222 197 196 195 184 96 257 15 25 
Liquid and Gas Analysis from LV Separator 
Gas Flow Volume Liquid Specific Refractive ( ft3 /min) (ml) Gravity Index 
.024 355 .960 @ 21°c 1.3380@ 23°c 
.026 353 .960 0 @ 22 C 1.3378 0 23°c 
.027 369 .960 @ 22°C 1.3378@ 23°c 
.027 Jl2 .960 @ 22°c 1.3379@ 23°c 
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Table 2 
,, Experimental 
'} Data From Operation on June 10 
ri} 
200°c ,,, Reactor Temperature = '!i. 
''} 
@ 
J Feed Rate = 9 cc/min 
·:;, 
,t! 
J 
.f Feed Composition= 26 .2 wt% Methanol 
,_:t~ 
·?! 
.:i 
:;. 
,!~ 
'"'' ;.1,., Temperature Profile 1n Degrees C 
V 
;"j 
] ,, Thermocouple Labels '• /j 
·:~ Time 1 2 3 4 5 6 7 11 12 ). 
'1 
5:00 193 168 196 216 213 87 296 17 25 
:;~: 
;; 5:15 195 173 200 205 201 87 298 17 25 
!l j ,, 5:JO 198 175 202 198 191 87 JOl 17 25 \ ?' 
' 
5:45 20J 180 211 201 188 87 J06 17 26 
6:00 203 182 212 208 194 87 JO? 17 26 
' 
::1 6:15 205 182 210 212 201 86 J06 18 26 '1 ,, 
t':l 
::1 6:30 202 180 206 209 201 85 305 18 26 -y 
j 
1 
.~ 
6:45 201 179 206 206 201 86 J04 18 26 
'-~ ij 
199 180 208 86 18 26 ''l 7:00 207 200 30J :1 
··1 
;j 
. ~ 7:15 198 180 210 205 200 86 J03 18 26 !j 
I 
·j Liquid and Gas Analysis from LV Separator 
' 
Gas Flow Volume Liquid Specific Refractive 
Time (ftJ/min) (ml) Gravity Index 
6:30 .042 101 .9685 @ 26°c 1.3362 @ 26°c 
6:45 .057 78 ,970 @ 26°c 1.3361 @ 26°c 
7100 .055 105 .969 @ 25.5°c 1.3360 @ 26°c 
7:15 .056 47 .969 @ 26°c 1.3359 @ 26°c 
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'1 
:t 
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l 
., 
'1 
I 
><i 
'j 
l 
·> 
':l 
j 
J 
;I 
f-
\ 
~· 
,J 
.l 
,, 
,, 
J 
Time 
12:45 
1:00 
1:15 
1:30 
1:45 
2:00 
2:15 
2:30 
Time 
1:30 
1:45 
2:00 
2:30 
Table 3 
Experimental Data From Operation on June 12 
Reactor Temperature= 200°c 
Feed Rate= 40 cc/min 
Feed Composition= 34.29 wt% Methanol 
Temperature Profile in Degrees C 
Thermocouple Labels 
1 2 3 4 5 6 7 
209 190 200 197 202 102 235 
213 196 207 205 216 114 237 
217 200 208 209 219 119 243 
220 200 202 201 208 119 247 
224 201 200 197 198 116 250 
228 204 202 197 192 114 255 
233 208 205 198 193 113 258 
235 210 207 200 197 116 264 
11 
15 
15 
15 
15 
15 
15 
15 
15 
Liquid and Gas Analysis from LV Separator 
12 
28 
28 
28 
27 
22 
28 
28 
27 
Gas Flow Volume Liquid Specific Refractive 
( ft3 /min) (ml) Gravity Index 
.073 467 .947@ 24°c 1.3385@ 28°c 
.056 363 .946@ 24°c 1.3386@ 28°c 
.052 440 ,945@ 24°c 
.059 405 ,945@ 23°C 1.3389 
0 
@ 28 C 
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Time 
10:00 
10:15 
10:30 
10:45 
11:00 
11:15 
11:30 
Time 
11:00 
11:15 
11:JO 
11:45 
~ 
:i 
'I 
r 
Table 4 
Experimental Data From Operation on June 14 
Reactor Temperature= 24o 0 c 
Feed Rate= JO cc/min 
Feed Composition= J4.29 wt% Methanol 
Temperature Profile in Degrees C 
Thermocouple labels 
1 2 3 4 5 6 7 11 12 
232 206 215 201 175 92 269 16 20 / 
238 214 226 219 210 92 277 16 29 
243 218 231 226 231 101 283 16 29 
246 221 230 230 239 115 285 16 29 
247 222 234 233 241 119 286 16 29 
246 223 238 236 242 120 283 16 29 
248 226 240 235 236 120 286 16 29 
Liquid and Gas Analysis from LV Separator 
Gas Flow Volume Liquid Specific Refractive 
(ft3/min) (ml) Gravity Index 
.157 286 .9515@ 27°c 1.3375@ 28°c 
.154 276 .955 @ 26°c 1.3375 @ 28°c 
.147 280 .956 @ 26°c 1.3375 :':) I...: 28°c 
241 .955@ 26°c 1.3375@ 28°c 
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6:00 
6:15 
6:30 
6:45 
7:00 
7:15 
7:30 
Time 
6:45 
7:00 
7:15 
7:30 
Table 5 
Experimental Data From Operation on June 23 - Run I 
Reactor Temperature= 24o 0 c 
Feed Rate= 24 cc/min 
Feed Composition= 26.12 wt% Methanol 
Temperature Profile in Degrees C 
1 2 3 4 
Thermocouple Labels 
5 6 7 11 12 
197 192 233 232 234 110 236 15 26 
204 196 234 235 240 114 241 16 26 
206 200 238 239 246 118 244 16 26 
208 202 241 242 248 120 243 16 26 
202 199 241 244 249 123 235 15 26 
200 197 240 243 249 121 235 14 25 
202 198 241 244 249 121 238 14 24 
Liquid and Gas Analysis from lV Separator 
Gas Flow Volume Liquid Specific Refractive (ftJ /min) (ml) Gravity Index 
.114 249 .968@ 20°c 1.3365 @ 26°c 
.116 331 .969@ 2o 0 c 1.3365 @ 26°c 
.115 148 .9685@ 20°C 1.3364@ 26°c 
.114 222 .970@ 20°C 1.3363@ 26°c 
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Table 6 
Experimental Data From Operation on June 23 - Run II 
Time 1 
0 Reactor Temperature= 240 C 
Feed Rate= 10 cc/min 
Feed Composition= 26.12 wt% ~ethanol 
Temperature Profile in Degrees C 
Thermocouple Labels 
2 3 4 5 6 7 11 12 
8:30 187 185 236 230 220 95 265 15 24 
8:45 
9:00 
9:15 
9:30 
9:45 
10:00 
10:15 
Time 
9:30 
9:45 
10:00 
10:15 
192 190 246 238 222 95 273 
196 193 239 246 230 95 278 
201 193 237 242 236 97 285 
205 196 240 239 236 98 292 
209 199 24J 2J8 235 99 298 
214 201 24J 238 2J6 100 304 
217 20J 245 239 237 101 JO? 
16 24 
16 25 
16 26 
16 26 
16 26 
17 27 
17 27 
Liquid and Gas Analysis from LV Separator 
Gas Flow Volume Liquid 
(ftJ/min) (ml) 
.068 
.068 
.067 
.069 
102 
106 
87 
98 
-20-
Specific 
Gravity 
,972@ 20°C 
,9725@ 20°C 
,9725@ 20°C 
,9725@ 20°C 
Refractive 
Index 
1.3358 c~ 26°c 
1.3357@ 26°c 
1.3358 ·J 26°c 
1.3357@ 26°c 
Table 7 
., 
·,\) 
~: Experimental Data From Operation July 1 on 
} 
i Reactor 
,i. 
Temperature = 24o 0 c 
t 
·, Feed Rate 6 cc/min ·, = 
:1; Feed Composition= 25.75 wt~ Methanol ] .. 
'] ,, 
.t 
·, 
·, Temperature Profile in Degrees C !: ., 
\ Thermocouple Labels Time 1 2 3 4 5 6 7 11 12 ;, 
,_, 
i 3:30 150 148 250 252 218 87 253 17 25 ' ,, ., 3:45 157 165 252 257 230 88 264 17 26 t 
·i) 
,I 
'1 \~ 4:00 161 186 260 254 239 87 277 18 24 I 
'I ? 4:15 166 190 246 251 242 87 283 18 24 
Ii 4:30 169 188 244 248 244 87 287 17 25 ,· 
:,l 
,;, 
J 4:45 173 191 251 255 251 88 294 18 26 :1 J\} 
;,i 
1 
l 
247 258 88 26 j 5:00 175 191 252 299 19 A 
ij 
5:15 181 191 246 250 244 91 305 19 27 ._,., ,:-j !I 
'l .• 
,j 
j 
.:i J 
:1 j 
:l Liquid and Gas Analysis from LV Separator .,,1 
'1 j 
1 Gas Flow Volume Liquid Specific Refractive 
1 Time (ft3/min) (ml) Gravity Index 'i. 4:00 .051 125 ,9705@ 20°C 1.3360 @ 27°c ·1 
' '! 
. ~· 4:15 86 ,9760 @ 20°C 1.3350 @ 27°c 
4:30 Bo ,978@ 20°c 1.3349 @ 27°c 
5:00 .058 35 ,979@ 20°c 1.3343 @ 27°c 
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Table 8 
Experimental Data From Operation on July 8 
Reactor Temperature = 300°C 
Feed Rate = 10 cc/min 
Feed Composition= 25.75 t(" W, ):ethanol 
Temperature Profile in Degrees C 
Thermocouple Labels 
1 2 3 4 5 6 7 11 12 
231 227 296 302 289 105 293 19 JO 
234 229 298 304 291 106 298 19 JO 
237 2Jl 299 J05 29J 108 302 19 30 
2J5 2.31 301 307 294 107 J03 19 JO 
2J6 2.32 302 307 295 107 305 19 JO 
239 2.34 302 JO? 294 107 J09 19 JO 
Liquid and Gas Analysis from LV Separator 
Gas Flow Volume Liquid Specific F.efractive 
(ft3/min) (ml) Gravity Index 
.099 169 .9835@ 20°C 1.JJJ5 G 29°c 
116 .984 @ 2o 0 c 1.3335@ 29°c 
.089 86 .984 @ 20°c 1.JJJ5@ 29°c 
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Table 9 
Experimental Data From Operation on July 15 - Pun I 
Reactor Temperature= 2oo 0 c 
Feed Rate = 12 cc/min 
Feed Composition= 25.75 wtf' ~~ethanol 
ii 
•j 
;,\ Temperature Frofile in Degrees C :; ;, 
Thermocouple Labels 
1 Time 1 2 3 4 5 6 7 11 12 
"tf: ,, 
ii 4:15 244 181 186 186 189 89 302 19 25 
:ij 
.~\ 
·l 4:30 246 187 193 192 192 89 304 18 25 
:1 4:45 246 189 200 202 197 89 305 18 25 ;j d 
i 
il 5:00 254 194 204 209 201 91 311 19 27 
.! ~ 
,1 5:15 254 196 207 208 200 92 312 19 27 :J 
'1 ,, 
,j 
;.j 5:30 257 198 208 208 200 90 315 19 27 
.J 
., 
;) 5:45 259 198 208 
!) 209 199 92 316 19 28 
•, 
6:00 260 198 28 ·, 207 207 199 93 317 19 j 
., 
:1 6:15 260 198 207 206 198 84 Jl8 2J 27 ! 
., 
·: 
6:30 261 198 207 206 197 90 318 19 28 
·l 
;j 
,) 
J 
·1 Liquid and Gas Analysis from LV Separator 
.1 Gas Flow Volume liquid Specific Refractive ' :1 Time (ftJ/min) (ml) Gravity Index 
5:45 .112 60 1.3340@ 28°c 
6:00 51 ,980 @ 20°c 1.3341@ 28°c 
6:15 .111 44 l.JJ44@ 2s0 c 
6:JO .111 50 .983@ 20°c l.JJ45@ 2s0 c 
Drain 122 .9795@ 20°c 
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Table 10 
Experimental Data From Operation on July 15 - Run II 
Reactor Temperature= 200°c 
Feed Rate= 5 cc/min 
Feed Composition= 25,75 wtr ~ethanol 
Temperature Profile in Degrees C 
Thermocouple Labels 
Time 1 2 3 4 5 6 7 11 12 
9:15 178 174 199 207 187 78 282 24 29 
9:30 172 176 202 211 197 79 286 24 29 
9:45 166 177 203 205 200 77 285 25 29 
10:00 169 176 202 199 200 78 286 24 JO 
10:17 163 176 202 196 199 78 284 27 JO 
10:JO 184 172 197 194 199 Bo 291 24 JO 
10:45 182 174 197 197 201 79 290 24 29 
11:00 181 176 200 200 204 79 290 24 29 
Liquid and Gas Analysis from LV Separator 
Gas Flow Volume Liquid Specific Refractive (ftJ /min) Time (ml) Gravity Index 
9:JO .047 
9:45 .o46 
10:17 94 .980 @ 20°c 1 . .3.341@ 29°C 
10:35 .049 
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Table 11 
Experimental Data From Operation on July 15 - Run III 
Reactor Temperature= 24o 0 c 
Feed Rate= 15 cc/min 
Feed Composition= 25.75 wt% Methanol 
Temperature Profile in Degrees C 
Thermocouple Labels 
Time 1 2 J 4 5 6 7 11 12 
12:45 293 225 232 2J6 234 109 339 19 JO 
1:00 291 227 2J6 241 239 112 337 19 29 
1:15 291 228 2J8 243 237 111 337 19 29 
l:JO 290 228 239 244 236 112 337 19 29 
1:45 290 229 241 244 2J8 113 JJ8 19 29 
2:00 290 2JO 241 24J 236 113 339 19 29 
2:15 290 2JO 241 243 235 llJ 339 19 29 
Liquid and Gas Analysis from LV Separator 
Gas Flow Volume liquid Specific Refractive 
Time ( ftJ /min) (ml) Gravity Index 
1:15 .192 
l:JO .181 JJ l.JJJ4@ 29°c 
1:45 .181 69 .9855@ 20°c 
2:00 .18J 78 .986@ 20°c l.JJJJ 2 29°c 
2:15 .180 84 .9845@ 20°c l.JJJ4@ 29°c 
Drain 127 .9845@ 20°c l.JJJ4@ 29°c 
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·I? 
>: 
,• 
·' 1t Experimental Data From 
·.~! Operation on July 17 
)! 
;'\ 
24o 0 c Reactor Temperature = 1! ;.: 
cc/min } Feed Rate 25 = 
·;~ Feed Composition = 26.16 wt~ I1iethanol ·/ 
·,~ 
•, 
/\ Temperature Profile in Degrees C 1 1) 
! A Thermocouple Labels d 
';] Time 1 2 J 4 5 6 7 11 12 
\j 
(1 11:00 262 228 234 239 234 118 28J 19 29 :J 
~ 11:JO 267 231 237 244 2J8 122 291 19 29 I -~ 
' :l I 
i 
1 
11:45 270 232 2J8 244 239 123 297 19 29 
·! 
I 12:00 278 2J6 240 
.! 
244 239 123 305 19 29 
'1 
.:1 12:15 280 237 242 245 2J8 122 JO? 18 29 I 
,j 
i 12:JO 281 238 243 245 237 115 J09 20 29 J 1 
·; 
'.r, 
j 12:45 286 240 24J 245 236 119 Jl4 19 29 
:J 1:00 288 242 246 245 235 123 Jl8 10 29 '! 
.. \ / 
I 
'j 1:15 290 24J 248 247 2J6 121 Jl8 19 29 1 
'i 
I 
l Liquid and Gas Analysis from LV Separator J 
l Gas Flow Volume Liquid Specific refractive Time ( ftJ /min) (ml) Gravity Index ;/ 
j 
:1 
12:00 .152 118 .976@ 20°C 
,. 
.. 
12:15 .160 74 .975@ 2o 0c ;j 
12:JO 117 .975@ 20°C 1.3349@ 29°c 
12:45 .169 68 1.3348 @ 29°c 
1:00 
,, .170 117 .9755@ 20°C 1.3349@ 29°c 
;, 
' 
.975@ 20°C ,:, 1:15 .167 107 ., 
!'. 
" 
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Table lJ 
Experimental Data From Operation on July 29 
- Run I 
Time 
lO:JO 
10:45 
11:00 
11:15 
11:30 
11:45 
12:00 
12:15 
12:JO 
12:45 
Time 
11:00 
11:15 
11:30 
11:45 
Reactor Temperature= 24o 0 c 
Feed Rate= JO cc/min 
Feed Composition= 26.14 wt~ Methanol 
Temperature Profile in Degrees C 
Thermocouple Labels 
1 2 J 4 5 6 7 11 12 
2J6 217 222 234 2JO 124 255 19 29 
244 224 229 240 235 129 26J 18 20 / 
249 228 234 244 239 lJl 269 18 
251 231 2J6 247 242 1J4 271 18 
256 235 239 246 241 136 277 18 
263 2J8 243 246 238 1J6 284 18 20 / 
270 243 247 248 2J6 134 293 18 
272 244 248 248 235 132 294 18 
274 246 250 249 235 134 297 18 29 
277 249 253 250 236 135 295 18 
Liquid and Gas Analysis from LV Separator 
Gas Flow Volume Liquid Specific Refractive (ftJ/min) (ml) Gravity Index 
.211 276 .967 @ 20°C 1.3364 ;J 28°c 
.218 280 .968 ~ 20°C 1.3362 @ 2s 0 c 
.211 JOO .968 @ 20°C 1.3361 @ 2s0 c 
.210 347 ,970 @ 20°c 1.3358 @ 2s0 c 
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Table 14 
Experimental Data From Operation on July 29 - Fun II 
Reactor Temperature= J00°C 
Feed Rate= 10 cc/min 
Feed Composition= 26.14 wt;,' IV:e thanol 
"' 
--~ 
a Temperature Profile in Degrees C ;i ·.: 
sl Thermocouple Labels / 
Yi Time 1 2 J 4 5 6 7 11 12 
11 
J J:00 150 22J 281 296 277 121 175 19 29 ·,I j 
! 
~ J:15 148 229 292 JOB 291 121 175 19 
J:JO 148 2J2 299 J14 JOO 12J 176 19 
3:45 150 238 306 JlO JOO 110 179 22 29 
4:00 151 241 JlO JOB 297 109 18J 22 
4:15 155 241 JOB J05 293 125 187 20 
4:JO 157 241 307 J02 295 125 192 19 20 / 
Liquid and Gas Analysis from IV Separator 
Gas Flow Volume liquid Specific ;· efracti ve 
Time (ftJ/min) (ml) Gravity Index 
3:30 .157 76 .9015 J 20°C 1.JJ4o ._j) 28°c 
J:45 44 
4:00 .148 21 .985@ 20°c 1.JJJ5@ 28°c 
:1 4:15 .145 60 0 -i 1.JJJ5 (:1 28 C 
. J I ,, l 
:I 4:JO .144 55 ,987@ 20°C 1.JJJO@ 28°c 
Drain 148 ,9875@ 20°C 1.3331@ 2s0 c 
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Figure Ji Steady State Condition Recorded on Strip Chart 
Temperature Recorder from Operation on June 10 at 200 °c 
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. ' Figure 4: Steady-State Condition Recorded on Strip Chart 
Tempergture Recorder from Operation on July 8 
at 300 C 
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The derivations were based on the overall reaction 
occurring as1 
For simplicity, the following symbolism was used: 
~ The variables used in the development are described as 
l 
·,t follows: 
'[! 
\ f; 
CAO initial concentration of A 
v volumetric flow 
XA fraction of reactant A con-
verted into products 
The derivation begins with the determination of the 
flow rates associated with the reactor. 
They are summarized as follows: 
flow of CA v (f!J) 
into reactor (min) 
(lb mole A)_ moles 
x CAO ( ft3) - min 
flow of CB 
vCBO into reactor 
flow out of vCAO 
reactor 
vCAO 
vCAO 
vCAO 
( 1-XA) 
(9B-XA) 
(SC+ JXA) ~ vCAO(JXA) 
(9D + XA) ~ vCAO(XA) 
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They are then combined to form a material balance around the 
reactor asz 
Of the exit stream only components A and Bare in the liquid 
phase while components C and Dare in the vapor. So the 
total liquid stream equals 
vC AO ( 1-X A) + vC AO ( g B-X A) 
The amount of component A leaving the reaction is 
Therefore the mole fraction of component A in the condensed 
exit stream can now be expressed as 
vCAO (1 - XA) 
vCAO (1 - XA) + vCAO(gB - XA) 
1 - XA 
1 + gB - 2XA 
where XA out is the mole fraction of A determined from the 
density of the liquid effluent. 
4.2 Interpretation of Gas Product 
(J) 
(4) 
From the gas chromatograph recorder traces it was possi-
ble to identify the compounds in the gas by their known re-
tention times or distance between the point of injection and 
the maximum of the peak. Quantitative determination of the 
gas components was done using several methods due to the 
variety of columns used for separation and the difficulty 
-32-
of quantitatively determining hydrogen. The most direct 
method was to use the fact that the ratio of the area under 
the peak trace for an individual component to the total 
area under the recorder trace for a sample is indicative of 
the percentage of that component in the sample. 
A convenient method of calculating the area beneath 
the peak is to multiply the width at one half the peak height 
by the height of the peak. This gives the area of the approx-
imate triangular region beneath the recorder trace. 
It should be noted that this area is not the true area 
of the peak but is less than it. Since relative peak values 
are generally always used, this fact does not present any 
problem in calculation. However two restrictions should be 
considered: 
(a) If triangulation is used it must be applied to 
every peak, and a peak area obtained in this 
way should not be related to an area found by 
integration. 
(b) In case of unsymmetrical (i.e. non-Gaussian) 
peaks, the area obtained in this way will 
represent an unspecified fraction of the true 
peak area, and therefore should not be com-
pared directly with other area values cal-
culated for more symmetrical peaks.(5) 
-JJ-
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The calculated areas must be corrected for the sensi-
tivity differences of the detector for each compound due to 
its unique chemical nature. These so called proportionality 
factors can be related to concentration values expressed in 
mole, volume, or weight percent. 
One type of molar factor, called thermal response 
factors, that are used for detector sensitivity corrections, 
are independent of temperature, carrier gas, flow rate and 
concentration with a precision of about t 3%, These can be 
found for several organic and inorganic compounds in a 
table published by Dietz.( 6) 
Another set of correction factors directly uses the 
significant difference between the thermal conductivity of 
the sample components and helium carrier gas. The ratio of 
thermal conductivities of each component at the detector 
temperature in relation to helium is multiplied by the area 
under the corresponding curve for that component to obtain a 
true response value. Normalizing the true values gives the 
mole percent of each component. Since the sample analyzed 
was a gas, the normalized true response values are equal to 
the gas volume percent. 
Another method of analysis is based on the fact that 
the peak height indicated by the recorder for each component 
in a mixture of gases is an indication of the relative con-
centration of that component in the sample. Therefore peak 
height concentration curves can be obtained to determine 
-.34-
l 
~, 
·.;1;.1 
·' 
. ,. 
component quantities. It can be noted that this relation-
ship between peak heights and concentrations is not 
necessarily a linear function. 
To obtain a peak height-percentage composition curve, 
given amounts of co2-H2 mixtures of known compositions were 
introduced into the chromatograph containing the 1/8" large 
mesh Porapak Q column. The recorder traces were observed, 
the peak heights for co2 were noted, and these heights 
versus the concentration of co2 in H2 were plotted in 
Figure 5. 
Varying amounts of pure co2 were also introduced into 
the flow stream to obtain a similar concentration curve for 
the column packed with di-n-butyl maleate. (See Figure 6). 
In this case the ratio between the volume of pure component 
and volume of sample normally used for analysis would 
establish the percentage values to be used for analysis 
of mixtures containing that particular component. This 
method has a greater error possibility because the peak 
height is influenced greatly by changes in column tempera-
ture and carrier gas flow ratio. 
Besides correlating unknown concentrations with the 
peak heights of standard samples of known co2-H2 composi-
tions, these samples can also be used to compare peak areas. 
The uncorrected peak areas are found for the standard sample 
and are related to the sample of unknown quantitative 
-35-
.. 
N 
12.0 
10.0 
8.o 
r:n 
Q) 
I .c: 
\..,J C) 
°' 
i:: 
•r-i I 6.o 
+> 
.c: 
tu) 
•r-i 
Q) 4.o ::r:: 
2.0 
0 
Figure 5: 
Note z Curves represent 
a linear fit and 
curve fit to the 
data 
50 70 So 90 
Concentration, mole f co2 in H2 -co2 mixture 
Chromatogr~ Peak Height versus co2 mole fin co2 -H 2 Gas Mixtures Using a 1/8 Porapak Q Column 
12 
10 
r:o 
C1> 8 .c: 
(.) 
s:::: 
•r-i 
I 
w 
--.J +' 6 I .c: 
~ 
-.-i 
Cl.l 
...c:: 
4 
2 
0 .o4 
Fip;ure 6: 
G) June 15 
6 June 22 
8 June 2J 
Note: Two curves represent 
.08 .12 .16 .20 
gas flow rate , 
. 24 
ftJ/min 
two possible 
• 28 .J2 
Chromatoe:rarn feak }:eight versus \;ollimctric Flow ~-ate of 
Fure CG 2 l'sing T/aleate Column 
fits 
.J6 
I 
• 
. , ~:J;~,:· . , 
., 
composition according to the following relationship.(5) 
c. = 
1 
A. 
1 
A. 
1 
I 
c. % 
1 (5) 
Where A. is the peak area of component i present in 
1 
I 
the standard mixture in C. % concentration, A. is the peak 
1 1 
area of the same component obtained when analyzing the 
sample, and c. is the so-called uncorrected concentration 
1 
value of the same component in the sample. 
Since the sample volumes are equal, the peak area values 
can be related directly to the volume of the individual com-
ponents present in the unlmown sample and the standard mix-
tures. The uncorrected concentration values can be normalized 
on the basis of the sample volume in order to obtain the true 
concentration of the individual components in the sample. 
In this analysis any error in reproducibility of sample 
size will be reflected in the results obtained. Since the 
G-C has two sampling cells which may be slightly different 
in volume this error exists in the results. Since the 
sample volume will be affected by the flow rate of the gas 
sample, a correction factor was used to account for this 
behavior. 
Trying to obtain quantitative results from the hydrogen 
. \j 
; peak alone was not successful. Quantitative analysis of 
~ 
'.,! hydrogen becomes a problem in thermal conductivity detectors 
,;,:' 
.,,... 
} 
,1 
' 
because of the magnitude of its thermal conductivity. The 
-.38-
thermal conductivity of inorganic and organic gases and 
vapors is usually less than 7 x 10-5 cal cm-1 sec-1 0 c-1 
while the thermal conductivity of helium (at loo 0c) is 
39.8 x 10-5, At the same time, however, the thermal con-
ductivity of hydrogen is 49.9 x 10-5,(7) Thus using helium 
as a carrier gas, one would expect a chromatogram in which 
the hydrogen peak is in the negative direction with respect 
to the other peaks. 
The actual situation is different. If the amount of 
hydrogen in the sample is very small, one does not obtain a 
negative peak, but rather a positive peak. As the amount 
of hydrogen in the sample is increased, the positive peak 
starts to be split by a peak in the expected negative direc-
tion and peaks with an "M" shape are observed. A further 
increase in the amount of hydrogen decreases the minimum 
point in the middle and finally, it will fall below the 
baseline. 
The phenomenon was first reported in 1956 by Brenner(B) 
and since then has drawn attention. The investigators con-
cluded that with small hydrogen volumes, the height of the 
hydrogen peak is proportional to the amount in the sample. 
The explanation for the distorted peaks related the 
anomalous behavior of He/H2 mixtures with its thermal con-
ductivity. The plot of thermal conductivity of the mixture 
versus H2- concentration has a minimum which is less than 
pure helium instead of being additive. Purcell(9) has 
-39-
proposed a method to avoid this situation and analyze 
samples containing hydrogen in a wide concentration range 
without peak distortion and without reducing the sensi-
tivity of the system for other sample components. Namely 
if instead of pure helium as carrier gas, one utilizes an 
He/H2 gas mixture. 
According to Pietsch(lO) the thermal conductivity 
curve has a minimtun at 8% hydrogen concentration. Accord-
ingly, if an He/H2 mixture with 8% or higher hydrogen con-
centration is used as carrier gas, it would result in a 
single, negative hydrogen peak. A linear relationship is 
to exist between the peak height and hydrogen amount in 
the sample. 
Since this was not available for this investigation, 
methods of determining the carbon dioxide concentration in 
relationship to the total gas were paid closer attention. 
No quantitative correlations could be obtained between the 
concentration of the hydrogen in the gas sample and the 
recorder trace. In most instances the assumption was used 
that for every carbon dioxide molecule produced, three 
hydrogen molecules would be formed. This is based on the 
stoichiometry of the reaction equation and becomes an error 
only when the pilot plant is operating improperly. 
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5, RESULTS 
:j The results showed that regardless of the method of 
i 
··j 
. j reduction or the amount of catalyst present, as the volumetric 
' 
j 
] 
1 1 flow of feed stock increased the conversion of methanol in 
the reactor decreased due to a smaller space velocity. With 
all other conditions being constant an increase in tempera-
ture caused an increase in the conversion (see Table 15). 
Looking at the amount of catalyst in the reactor bed 
as the variable, a trend can be seen. Since the rate of a 
catalytic reaction is based on the weight of the catalyst 
bed, by increasing the size of the bed more contact will 
exist and a higher conversion result. 
The runs of June 14 and July 29 - Run I, illustrate that 
when the catalyst bed weight was increased, the conversion 
increased from .3997 to .4461. The operating conditions used 
were a reaction temperature of 24o 0 c and a volumetric feed 
rate of JO cc/min. This trend was also seen between the runs 
done on June 23 - Run I and July 17 at 24o 0 c and the results 
from June 10 and July 15 - Run I at 200°c. 
Observation of the gas chromatogram gave an insight into 
the behavior inside the reactor. It was helpful in detecting 
side reactions and in speculating about the mechanism by 
which the reaction was taking place. Even though the con-
version was known through calculations, the actual products 
of conversion could be determined from the recorder traces. 
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Table 15 
Summary of Results Obtained from Experimental Data 
Relating Conversion of Methanol to Feed Rate and Temperature 
Feed Volu-
Rate metric V/v = '( Weight Flow in 0 
Date T Cat (cc/ Re,ctor XA W/v ( . -1) of Run ( ° C ) ( 1 b ) min ) ( ft /min ) 0 min 
June 8 200 .20324 28 1.80236 .1306 .112763 .023703 
June 10 200 .20324 9 .586427 .464J .346573 .072851 
June 12 200 .20324 40 2.43544 .0899 .08345 .017542 
June 14 240 .20324 JO 1.98010 .3997 .102641 .021576 
June 23(I) 240 .20324 24 1.67583 .4149 .121277 .025493 
June 23(II) 240 .20324 10 .698264 .5168 .291065 .061183 
July 1 240 .20324 6 .419602 .6259 .484364 .101815 
July 8 JOO .20324 10 .780587 .77439 .260368 .o 54731 
July 15( I) 200 .441145 12 .77414 .6826 .56985 .055186 
July 15( II) 200 .441145 5 .J2242 .7763 l.J682J .132504 
July 15( III) 240 .441145 15 1.04901 .7962 .420535 .04073 
July 17 240 .441145 25 1.74375 .5848 .252986 .02450 
July 29( I) 240 .441145 JO 2.09267 .4461 .210805 .020415 
July 29(II) JOO .441145 10 .779088 .83378 • 56623 . o 54836 
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In regard to the first catalyst bed that was reduced 
using a 2 percent methanol solution, the chromatogram showed 
an increase in area of a peak with a retention time between 
7 - 8 inches down scale from the point of injection. Using 
mass spectrometry this was identified to be dimethyl ether. 
Observation of the chromatogram obtained from the first 
operation of the pilot plant on June 8, the chromatogram 
showed a CO2 peak with area .492188 in
2 
and height of 
2,4375 in, (see Figure 7), The peak height concentration 
curve (Figure 6) was used to determine the percentage of 
carbon dioxide present in the stream. The recorded height 
corresponded to a gas flow of .006 ft3/min or 22.22 percent 
of the total flow compared to the expected value of 24.8%. 
On June 14, the peak representing dimethyl ether became very 
pronounced. The CO2 peak had an area of .41056 in
2 
and a 
height of 1,09375 in. while the ether peak had an area of 
.24707 in2 . With a total flow rate of .148 ft3/min the 
co2 represented only 2,703% with a volumetric flow of 
.oo4 ft3/min obtained from Figure 6. Based on corrected 
area using thermal conductivity measurements, the concen-
tration of co2 in relation to ether was 89.14 to l0.86 
which when related to the entire gas concentration became 
2,703% CO2, ,329% ether, and 96.968% H2 . The thermal con-
ductivity used for dimethyl ether was 68629 x lo-6 
cal/cm-sec-0 c obtained from methods discussed in Reid.(ll) 
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; 
'J 
';j In the next couple runs on June 23, the hydrogen peak 
J ; appeared larger in area while ether remained about the same 
·,1 
· i with co2 decreasing slightly. Then the results on July 8 
at 300°c showed that the hydrogen peak with larger, the peak 
area of ether doubled to .6084 in2, and the trace for carbon 
dioxide disappeared completely (see Figure 8). When the 
catalyst bed was replaced after this run, it was found that 
the inert white alumina silica pellets had become black due 
to a carbon build up. 
The second batch of catalyst, reduced with hydrogen, 
showed no evidence of ether being produced. The components 
identified where hydrogen, carbon dioxide, and carbon monoxide. 
Problems occurred in the analysis of the runs from this cat-
alyst bed because of an obstruction in the chromatograph 
column that restricted the gas flow. This was concluded 
because the carbon dioxide peak had a retention time of 
7.5 - 9.5 inches which previously appeared at 2 - J inches. 
Therefore two additional columns were used for separation 
as well as the Hewlett Packard Gas Chromatograph to support 
the results. 
Since it was difficult to get a quantitative deter-
mination of the amount of CO from the inline gas sampling 
system, the major information obtained from the Hewlett 
Packard analysis was the proportion of CO to CO2 in the 
reactor gas effluent. Even though the Hewlett Packard Gas 
Chromatograph is a very precise instrument, error was 
-45-
I 
~ 
°' I 
l -- ->-- - ·- - - . .____ - .. J. 1 
-1 
- -
-1-- -· -- - . h - -
-
. _-
I 
I i 
I I 
I 
-
.., 
~ 
-
Time -- 2:02 FM 
I I I I ·-I 
-
.. 
-~ - -~ 
! I I - -- I t--+-+--+-+--+· .J5+--+-+--+-+--+-+--+-+--+-+--+-+--+-+--+-+--l-+--l~·:;s-,1-+--,1--+--l---+---1--1-'...:..-.;.1--4-+---1--+---1--+--1-+--1-4-5,+--ll--+---ii--+--''-+--il-+--il-+--ll--+--4 
-:t·:-::-.=__ ,_ _____ _ .____~.=.:: -- 11--- -=-== 
~, 
1 
I 
~~ 
--1---- - -- -~-
---
- -.- --
~ - .._~-1- ...._ --- -
-..-~-...... ~-.___ ·--
---,--·-- -· ~ -
- - -1----1-·___;1-- -
-
- -~-
. - - -...=.. - t--+--1--l 1--
-·---~ -- -- -
- . - -
- .. --+-t--~·-t--f-- 1--·-- - _: __ 
-1--1--<i-1- -- -
- -- -~ 
-1-
-h-
-f--
·- - ~-~ 
--- - -·-- ·-
- - - - - - -- 1---1-
- --(- ___ .. ___ _, _ __,,_ ·- - - --
- ·- , ___ _ 
·- --
.. -
- -· 
.1 
-1-----
__ ,_ 
~ .. 
1 
+--t--+---+ _-_,-.c--·--+--+---t---+--t--+--·+'--+--+--+---t--+--.-+--+-+--+--l--+3,+--ll--+--l--+--'--+--l--'--+-4-+-...--+--4---4,__-+-. --+-· --+'---~--~--+--1-+--+-+--4-+--+-+--+-+-4-4 
= >-- :....= ..:.:.. = - -- -· 1- . - h. --1 
·1 
-
I I 
I 
-+---1-+--- -· - - - - - - - - - -
-·-·- i 
-
i 
i ·• 
I. 
.t 
-.j -- ---~= -·-·- - ·I -A: ··- l 
=~- :____ I 
...... ---+--+--+2'+-_____ ...... ______ +--+--+-,..-+--+----...... -+21-+--l--l-4---+--l,--.f--1--1--+-4-4--i,-.-+--#--f~+--t--1--<l-+--1--!-'-'-4--+--l..-...... -l--i--l--+--l--4 
h- ·-= = ~- -··.J_ ~ \· ·=i~ ---- - ,_,__ 1--1-- - - -
- -
... _. 
• I 
- - ~ 
··-~ 
- ·-
... ::.-
=-w:. .:_-. ,-
_,__ 
- __ ..__' --L-
inje~tion j tt2 point _ I. I ·-f I 
· i I 1-l -~ ...:~1=-r=1-.~-
..... 
-·--··-
-1-1---1-- - - - -
-~ - ·~1:- ·- .____ ·- - ·-
-- ~- - t---L-- --1----
,_,_ 
--
,_ -
'-
·-'-
- -1-1---1- --· 
- -
. - .____ 
-- -
. : 
I 
·-
I 
I 
I ! 
->--
-
-1-
-- --
.-
.__ 
1-
. i-
. I -r--•- -
. 
i ---1---
---~ 
I 
; 
-1----
_ .._ ·- -
--I---~ 1-
--· 
- -· 
Figure 81 Gas ~hrornatogram From Operation on July 8 Using Maleate Column at 2102 FM 
-
introduced due to the sample transfer method and the method 
of sample injection into the column using a syringe. 
The quantitative results obtained from the interpreta-
tion of several chromatograms is as follows. The data 
collected on July 29, Run I on the 1/8" large mesh Porapak Q 
column showed the co2 composition ranging from 29r J9f 
based on the peak height composition curve Figure 6. From 
Run II of July 29 the CO2 area represented JO% - 40% of the 
gas volume using Figure 6 and showed J7f when the volume 
method was used. Figure 9 shows the gas chromatogram of 
this sample. From the Hewlett Packard Gas Chromatograph 
a co/co2 ratio of 8.8401 was indicated for this sample. 
The ratio of CO/CO2 was also determined for reactions 
on July 17 and July 29, Run I and are given in Table 16. 
This showed that as the temperature was lowered the con-
centration of CO decreased for a given mole ratio of water 
and methanol. At a given temperature as the mole ratio 
decreased the CO formed increased. This was in agreement 
with what Larson(J) proposed for the behavior of carbon 
monoxide in the reactor system (see Figure 10 ). From his 
experiments, the ratio of co/co2 was found to be from 
.02 to .036 with the actual CO produced being .6% of the 
gas product. This shows a large discrepancy in the magni-
tude of the ratio between what was found and what was 
expected. The experimental results showed that CO pro-
duction was greater than the carbon dioxide produced. 
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Figure 91 Gas Chromatogram From Operation on July 29 - Run II Using 1/8 Pora.pak Q 
60-80 mesh Column at 4115 - 4125 P~.1 
TABLE 16 
Mole Ratio of co/co2 Obtained from Hewlett Packard 
Gas Chromatograph Compared to Larson's(J)Results 
Expected 
Vol% CO in 
CO/CO2 T(oC) XA H20/MeOH Dry H2 
July 17 7.4575 240 .5848 5.0205 .25 
July 29-I 5.2479 240 .4461 5.0256 .25 
July 29-II 8.8401 JOO .83378 5.0256 .62 
Obtained from 
Eric 
Daniels 3.8539 200 .1114 4.9869 .11 
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Relating Carbon r.1onoxide Production 
to Temperature and Reactant ?atio 
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This could be due to the CO peak being a mixture of CO and 
air, There was no quantitative way of determining the 
amount of contamination because the two peaks were super-
imposed on the gas chromatogram. What can be obtained 
from the data is that carbon monoxide was definitely 
produced and its production increased with conversion. 
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6. DISCUSSION OF RESULTS 
The details of a catalytic reaction system can become 
very involved depending on the purpose of the investigation. 
Since the role of the catalyst is crucial in converting re-
actants into products, it is helpful to first understand the 
complexities of the interactions between the reactants and 
catalyst particles. 
The development begins with the understanding of the 
microscopic behavior at the catalyst surface. Then this 1s 
used to develop a rate equation that corresponds to the 
experimental data. 
6.1 Catalytic Surface Behavior 
A catalyst is a material used to increase the rate of 
reaction by offering an alternative mechanism. In terms of 
transition-state theory, it reduces the potential energy 
barrier over which the reactants must pass to form products. 
It never determines the equilibrium or end point of a re-
action which remains governed by thermodynamics alone. The 
action of the catalyst is somehow thought to energize or 
form intermediates in the regions close to the surface. 
Therefore for better activity, large easily accessible 
surface areas are favored. It also implies that the rate 
of the reaction is proportional to the concentration of the 
-52-
catalyst when a chain reaction mechanism is not involved. 
An important characteristic of a catalyst is its selec-
tivity. This means that it only changes the rates of 
certain reactions, often a single reaction and leaves 
the rest unaffected. 
In a heterogenous catalysis where a gas phase reaction 
is catalyzed by solid surfaces, it is important to under-
stand the interaction between reactants and the solid 
surface. The reaction mechanism involves both physical 
and chemical interactions with the surface. For the 
catalyst to be effective, it must be used in the tempera-
ture range in which a chemical interaction occurs between 
one or more of the reactants and the catalyst surface. It 
was Taylor's(l2 ) concept that the irregularities on the 
surfaces of a solid led to particular locations where 
unbalanced forces of the magnitude of valence forces were 
in existence. Taylor called these points activated sites 
or centers and suggested that the reaction occurred only 
at these points. 
When considering the kinetics of the catalytic reactions 
in a fluid-solid system, there are several steps involved. 
For a single porous catalyst particle they may be visualized 
as followsz(lJ) 
1, Transport of the reactants from the bulk-fluid 
phase to the solid-fluid interface. 
-.53-
2. Diffusion of the reactant from the pore mouth 
through the catalyst pores to the immediate 
vicinity of the internal catalytic surface. 
J. Adsorption of reactants (one or more) on the 
solid surface. 
4. A surface reaction on the solid catalyst. 
5. Desorption of products (one or more) from 
the surface. 
6. Diffusion of the products from the interior 
of the pellet to the pore mouth at the 
fluid-solid interface. 
7. Transport of the products from the interface 
to the bulk-fluid stream. 
In systems where diffusion from the bulk gas to the 
mouth of the catalyst pore or to the external catalyst 
surface limits the overall rate of reaction, the rate may 
be affected by the flow conditions through the catalyst bed. 
If the fluid velocity past the catalyst particles is in-
creased, the concentration-boundary layer thickness should 
decrease, causing the rate of mass transfer to the pore 
mouth or external surface to increase. Consequently, the 
overall rate of reaction is increased. When internal 
diffusion within the catalyst pores is rate limiting, the 
overall rate will be unaffected by external flow conditions. 
In this case, catalyst effectiveness factors are useful in 
describing the catalyst's activity. 
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Observation of the reactor behavior with respect to flow 
conditions from the pilot operations showed the following 
trend. When observing each of the catalyst beds separately, 
the conversion decreased with increasing volumetric flow 
which implied an increase in the rate of reaction accord-
ing to = k CAO(l-XA) 
rA (1 + fAXA) 
This could indicate that diffusion to the catalyst pore is 
affecting the rate of the reaction. When comparisons were 
made between the catalyst beds of constant W/F the trend 
was not present, which indicated other effects were rate 
limiting. 
In many fluid-solid catalytic reactions the gas film 
resistances of steps 1 and 7 are negligible and need not 
be considered in formulating the rate equation. When these 
resistances are small with respect to those for steps J, 4, 
and 5, the concentrations at the interface are the same as 
in the bulk-fluid phase. Then only steps J, 4, and 5 need 
be considered, and the overall rate equation can be written 
in terms of properties in the bulk fluid. For any specific 
reaction this situation is more likely at high velocities 
of flow past the catalyst surface and at low temperatures. 
It is at these conditions that the diffusion resistances 
would be diminished with respect to the reaction resis-
tances. ( 14 ) 
Steps 3, 4,and 5 are collectively known as the surface 
phenomenon resistances. Once a reactant has been adsorbed 
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onto the surface, it is capable of reacting in a number of 
ways to form the reaction product. Three of these ways are: 
1. Reaction may be a single-site mechanism in 
which only the site upon which the reactant is 
adsorbed is involved in the reaction. An 
isomerization or decomposition would fit under 
this category. 
2. A dual-site mechanism would involve the 
reactants interaction with another site either 
unoccupied or occupied to form the product. 
3, Another single-site mechanism is the reaction 
between a molecule adsorbed on the surface and 
a molecule in the gas phase. 
The rate expressions derived from the various postulated 
mechanisms are of the form: 
(Kinetic term) (driving force or 
Rate of reaction= displacement from 
equilibrium) 
(Resistance term) 
Each detailed mechanism of reaction with its controlling 
factor has its corresponding rate equation, involving any-
where from three to seven arbitrary constants. 
(6) 
To prove that the correct mechanism has been postulated, 
the family of curves representing the rate equation type of 
the favored mechanism must fit the data better than any other 
families. Due to the large number of parameters that can be 
arbitrarily chosen for each mechanism, a very extensive 
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experimental program is required with very precise and 
reproducible data. In these circumstances, differences in 
fit may be so slight as to be explainable entirely in terms 
of experimental error. 
When the experimental techniques do not allow a study 
of complex reactions, the active-site theory(l5) can be used 
to qualitatively predict what is happening with the reaction. 
The theory states that if adsorption controls, a rise in 
pressure results in an increase in the amount of material 
adsorbed or that an increase in reactant concentration will 
result in an increase in the rate of reaction. If desorption 
controls no increase in rate would result if the reactant 
concentration was raised. When chemical reaction controls, 
the type of site-mechanism involved will determine the way 
concentrations will affect the rate. For a single site de-
composition, increasing the concentration would not affect 
the rate. For a dual-site mechanism if the component in 
excess is decreased the rate of reaction will increase. 
Since the laboratory facilities available in this in-
vestigation were insufficient to do a detailed catalytic 
study, it was best to use the simplest available correlating 
rate expression which satisfactorily represented the data. 
It was therefore assumed that the rate controlling step was 
the surface reaction (Step 4), due to the lack of evidence 
to support any other limiting factor, and the corresponding 
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rate equation is developed in the next section. The 
experimental data available allowed a better understanding 
of the surface reaction. 
6. 2 DevelO.P!ll_e;n_t_ 9J ___ a __ R_e_ai!_t_i_o_n_ }ta_1e. p;_x.Pre~sj._on 
The determination of the rate equation is a two step 
procedure; first the concentration dependency is found at a 
fixed temperature and then the temperature dependence of the 
rate constants is found, yielding the complete rate equation. 
Equipment by which empirical information is obtained can 
be divided into two types, the batch and flow reactors. A 
batch reactor is used to obtain homogeneous kinetic data by 
determining the extent of a reaction at various times. A 
flow reactor is used more frequently when a reaction is 
difficult to follow, a reaction yields a variety of products, 
a very rapid reaction occurs, or a gas phase reaction exists. 
The mathematical development of the performance equation for 
this reactor is given in Appendix A. 
To explore the kinetics of catalytic reactions, any type 
of reactor with known contacting patterns can be used. Since 
only one fluid phase is present in these reactions, the rates 
can be found as with homogeneous reactions. A special pre-
caution to observe is to make sure that the performance 
equation used is dimensionally correct and that its terms 
are carefully and precisely defined. 
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Flow reactors can be further classified as differ-
ential flow reactors and integral plug flow reactors. 
Within a differential flow reactor the rate is considered 
to be constant at all points. Since rates are concentra-
tion-dependent this assumption is usually reasonable only 
for small conversions or for shallow small reactors. In 
an integral reactor the variation in reaction rate is large 
and is accounted for. This occurs when the composition of 
reactant fluid changes significantly in passing through the 
reactor. After the reactor type is selected, one of two 
procedures may be followed in searching for a rate equation. 
The two procedures for analyzing kinetic data are the 
integral and the differential methods. In the integral 
method of analysis a particular form of rate equation is 
guessed and by appropriate integrations and mathematical 
manipulations, a certain concentration function can be 
plotted versus time. A straight line plot of the data 
determines the validity of the guessed rate equation. 
In the differential method of analysis the fit of the 
rate expression to the data is directly tested without any 
integration. However, since the rate expression is a dif-
ferential equation, the relationship: (1/v) (dN/dt) must 
be found from the data before attempting the fitting 
procedure. 
There are advantages and disadvantages to each method. 
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The integral method is easy to use and is recommended when 
testing specific mechanisms, or relatively simple rate 
expressions, or when the data are so scattered that the 
derivatives needed in the differential method cannot be 
reliably found. The differential method is useful in more 
complicated situations but requires more accurate or larger 
amounts of data. The integral method can only test this or 
that particular mechanism or rate form; the differential 
method can be used to develop or build up a rate equation 
to fit the data. The mathematical derivations of the 
integral method can be found in Appendix B. 
6.2.1 Concentration Dependency 
It was first decided to treat the reactor as an integral 
reactor. This conclusion was based on the significant varia-
tion in concentration of the reacting stream through the 
reactor. At 24o 0 c on July 15 - Run III, the maximum con-
centration difference seen experimentally was an inlet con-
centration of .47891 lb mole methanol/ft3 and a corresponding 
outlet concentration of .14804 lb mole methanol/ftJ. It was 
then decided to first analyze the data using the integral 
method and support the analysis using the differential 
approach. 
As an initial guess a unimolecular-type first-order 
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rate expression was assumed. The performance equation used 
for the catalytic reactor was based on the steady state 
equation for a plug flow reactor as discussed in Appendix A. 
The integral form of the equation appears as -
XA mole A reacted 
w, lb cat J dXA mole A fed = , FAO, mole A mole A reacted min -r min-lb cat 0 A, 
Plugging in the rate equation and integrating yie.lds: 
X 
( 7) 
W ( A dXA 
FAQ = Jo kCA = (8) 
CAOW 
k -- = ( 1 + (A) ln 
FAQ (9) 
The terms of the equation are evaluated and summarized 
in Table 17 for all the experimental runs conducted. The 
plots of -(1 + fA) ln (1 - XA) - (AXA vs. W/v0 are given in 
Figures 11 and 12 for all the temperatures. The slope of the 
line represents the reaction constant at each temperature and 
were found to be -
At 200°c k = 2.133 ft3/min-lb 
(using all points k = 1.5789 - See Figure 12) 
At 24o 0 c k = 3.2258 ft3/min-lb 
At 300°c k = 4.6667 ft3/min-lb 
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Table 17 
Integral Analysis of Experimental Data Assuming 
First Order Reaction w.r.t. Methanol 
Mole v
0
(in 
Fraction Reactor) W/v 
-( 1 +(A) 
f.A ln(l-XA) Date Exit 
ft3/min 
0 
of Run ( 2Y AO) X out XA lb min/ft3 -(AXA 
-· ---
June 8 .3334 .1515 .1306 1.80236 .112763 .14307 
June 10 .3334 .1056 .4643 .586427 .346573 .67749 
June 12 .4536 .2109 .0899 2.43544 .083451 .096152 
June 14 .4536 .1663 .3997 1.9801 .102641 .560506 
June 23(I) .3316 .1125 .4149 l.67583 .121277 .57612 
June 23(II) .3316 .0967 .5168 .698264 .291065 .79714 
July 1 .32634 .07671 .6259 .419602 .484364 1.09984 
July 8 .32634 .04926 .77439 .780587 .260368 1.72214 
July 15(I) .32634 .06663 .6826 .77414 .56985 1.29934 
July 15( II) .32634 .04888 ,7763 ,32242 1.36823 1.73296 
July 15(III) .32634 .04493 .7962 1.04901 .420535 1.84987 
July 17 .3322 .0856 .5848 1.74375 .252986 .976727 
July 29( I) .3320 .1079 .4461 2.09267 .210805 .63880 
July 29(II) .3320 ,03814 .83378 .779088 .56623 2.11338 
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The points are scattered and the line is drawn by eye 
to minimize the error. At 200°c the points represented a 
better straight line than at 24o 0 c. At 24o 0c the points 
are more scattered but at closer observation they form 
two distinct lines, each representing one catalyst bed. 
In other words this shows an inconsistency between the 
performances of the two catalyst beds. 
The second choice of a reaction rate was a bimolecular 
irreversible 2nd order reaction. The integral equation 
was developed as follows -
Beginning with the rate expression 
where 
C -A -
CAO(l - XA) 
(1 + €AXA) and = 
CA0( 8B - XA) 
(1 + (AXA) 
and plugging it into the performance equation yielded -
= J 
or 
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(10) 
(11) 
If the assumption is made that CAO= CBO the integral becomes 
easy to integrate and evaluate. This does not apply to this 
system and therefore mathematical integration is difficult. 
The integral was therefore evaluated graphically. 
The function to be integrated was evaluated at selected 
values of XA (see Table 18) and a plot of the function 
2 
(l + (AXA) versus XA was obtained (see Figure 13). 
(1 - XA)(9B - XA) 
At the experimentally determined XA values, the area under 
the curve was determined. 
A second plot of WCA0/v0 versus the calculated area 
for each XA was used to determine the rate constant for the 
second order reaction 
follows: 
At 200°c 
At 24o 0 c 
At J00°C 
(see Figure 14). The results are as 
k = 2031.25 
(using all points k = 1538.5) 
k = 3269.2 
k = 5714.3 
In comparing the plots obtained using first and second 
order reactions there is little difference in appearance 
between their fit for a straight line. Both plots show the 
same distribution of points and comparable error bands around 
the straight line. The noticeable difference between them is 
in the magnitude of the reaction constant obtained from the 
curves with the second order function yielding values 1000 
times greater than those obtained by assuming a first order 
reaction. 
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Table 18 
Integral Analysis of Experimental Data Assuming 
. ' Second Order Rate Equation: rA = kCACB 
( l+ (A. XA) 2 
CAO (1-XA) x 
Date (lb mole/ftJ XA (9B-XA) WCAO/v o of Run Area 
-gas) 
June 8 .1306 .2573 ,0294 2.6795x10-4 3.0215x10-5 
June 10 .4643 ,5490 .1578 2.6460xlo-4 9,1702xlo-5 
June 12 .0899 ,3586 ,0196 J.6455x10-4 3.0422x10-5 
June 14 ,3997 ,7724 .1276 6 -4 J.3 15x10 3.4503x10-5 
June 2J(I) .4149 .4791 .1324 4 -4 2. 575xlo 2.9804xlo-5 
June 2J(II) ,5168 . 6290 .1892 2.4575x10-4 7.153ox10-5 
July 1 .6259 .7211 ,2749 2.4184xlo-4 11.7138x10-5 
July 8 ,77439 1.2915 .4504 6 -4 2.1 53xlo 5.6338xlo-5 
July 15( I) .6826 1.0595 .3269 2.6228xlo-4 14.9458x10-5 
July 15(II) .7763 l.6137 .4512 6 -4 2. 228xlo 35.8854xlo-5 
July 15(III) .7962 1.7976 .4845 2.4184xlo-4 l0.1702xlo-5 
July 17 .5848 .7744 .2359 2.4618xlo-4 6.2281x10-5 
July 29{I) .4461 .5198 .1498 2.4597x10-4 5.1853x10-5 
July 29( II) .8JJ78 2.3406 .5676 2.2023x10-4 12.4703x10-5 
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Therefore since a distinction between the two models 
could not be made from visual observations, a statistical 
analysis was used to assist in choosing the reaction 
order. The F test was chosen to prove whether there was 
a distinction between the two models. First the variances 
2 2 o-1 and cr-2 were found with respect to the rate constant 
as 
m 
0".2 = [ (k. - K) 2 
J 1 
i = 1 ( m - 1) 
where m is the number of data points, k. is the calcu-
1 
(12) 
lated slope at each experimental point and k is the average 
of all the slopes or rate constants. 
Since the dependent expressions on the y axis were 
different for the two models, it was necessary to normalize 
the slopes between O and 1, so a comparison could be made. 
The ratio of the two variances were then taken so that the 
quotient was greater than 1,0 as -
Fcalc = 
er 2 
2 
(r 2 
1 
if <r.2 > cr2 2 1 
This value was then compared to the value in the F-table in 
Perry's Handbook(l6) after selecting a desired confidence 
limit. The calculated values can be found in Tables 19 
and 20. 
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Table 19 
Statistical Variance of First and Second Order 
Reaction Models at 200°c 
First Order Model 
f(x) W/v
0 
k. Normalized k. (k.-k) 2 
1 1 1 
1.29934 .56985 2.28014 ,39608 .01059 
1.73296 1.36823 1.26657 ,04016 .o64o4 
.14307 .11276 1.26877 .04093 .06363 
.67749 .34657 1.95483 .28184 .OOOlJ 
.096152 .08345 1.15220 0 .08595 
,02 .005 4 1 .49961 
Total = 1.75901 Total = .72392 
Ir = .29317 Q"' 2 = .14478 
Second Order Model 
Normal-
(ki-k)2 f(x) WCAO/vo k. ized ki l 
.0196 3.04224xlo-5 6.44262xlo2 0 .23670 
.0294 J.02149xlo-5 9,73030xlo2 .17716 .09570 
.1578 9,17019xlo-5 l.72079x10 3 .58011 .00876 
.3269 l.49458xl0-4 2.18724xlOJ ,83146 .11898 
.4512 3.58854xl0-4 1.25734x103 ,33037 . 024 JB 
.005 .2xlo-5 2.5x103 1 .26366 
Total = 2.9191 Total= .74819 
- cr2 = k = .48652 .14964 
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Table 20 
Statistical Variance of First and Second Order 
Reaction Models at 24o 0 c 
,, 
!) 
First Order Model 
f(x) W/v k. Normalized ki (k.-k) 2 0 1 1 
1. 84987 .42054 4.39885 .66710 .OJJ63 
.63880 .21081 J.03029 .23811 .06032 
1.09984 .48436 2.27069 0 .23399 
,97673 .2.5299 3. 86080 .49844 .00022 
,57612 .12128 4.75045 ,77732 .08620 
. 560 51 .10264 5 .46084 1.0 .26655 
,79714 .29106 2.73871 .14671 .11358 
.02 .005 4 .54208 .00341 
Total= 3.86976 Total= ,79788 
-
cr2 = k = .48372 .11398 
Second Order Model Normal-
f(x) WCAO/vo k. ized k. (k. -k) 2 1 1 l 
.1324 2.9804lxlo-5 4.44234x103 .86695 .13432 
.1498 5.18525x10-5 2.88896x103 .22430 .07626 
.1892 7.15297x10-5 2.64505x103 .12339 .14218 
.2359 6.22807x10-5 3.78769x103 ,59611 .00915 
.2749 1.17138xl0-4 2.3468ox103 0 .25046 
.4845 l.Ol702xlo-4 4.76393x103 1.0 .24954 
.1276 J.45026x10-5 J.69827x103 ,55912 .00344 
.005 .2xlo-5 2.5x103 .63379 .01778 
Total= 4.00366 Total=. 88313 
K .50046 2 = O' = .12616 
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At 200°c and assuming first order reaction the variance 
was .14478 while assuming second order the value was .14964. 
This gave an F value of l .OJ354 compared to the expected 
value at 95% probabil. ity of 5 .05. Since F < F 
· calc table, 
no distinction exists between the models~ Due to the limit-
ed number ·of data points the statistics bec.omes weak. 
At 24o 0 c, Fcalc f;!qualed 1.1068 with the variance of 
the first order model less tha.i:i the second· order. According 
to the F tablefor 95% probabi~i ty and .7 degrees of fr.eedom a 
3.79 value is needed for distinction and at 99% a value of 
6. 99. There.fore there is still greater than a 9 5% prob-
ability that the two models can not be distinquished but 
the first order assumption would be statistically preferred. 
A linear regression curve fit was also done to support 
that a first order reaction occurred·. The results are given 
in Table 21 but show no cortclu~ive evidence to support 
either model. 
The same two reaction orders where then evaluated using 
the differential method approach. This method begins with 
the same performance equation 
' FAOdXA = :..rA dW (A?) 
which is now rearranged as 
' 
dXA dXA 
-rA = dW/FAO = d(W/FAO) (14) 
-73-
Table 21 
Linear Regression Curve Fit Analysis 
T Intercept 
First Order Model 
200 .11004 
240 .15327 
300 .26963 
Second Order Model 
200 
240 
300 
.017184 
.015981 
.07057 
Reg; 
Coef. 
1.3256 
2.7992 
3.6615 
1334.7 
3128.0 
4452.7 
Corr. 
Coef. 
.945 
.855 
.923 
.950 
.850 
. 928 
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Std. 
Com- Err. 
puted-'T of ?'eg. 
5.76 .23007 
4.04 .69212 
2.40 1.5269 
6,09 219,JO 
J,95 791.98 
2.49 1789.0 
Std .:::r:t 
.:.st. 
.2634 
.29876 
.612CC 
.065284 
• O 80 59 
.15799 
A summary of the calculated values of W/FAO is given in 
Table 22 and the corresponding plot of XA versus W/FAO is 
shown in Figure 15 for experimental runs at 200°c and 24o 0 c. 
Since only two data points were obtained for 300°c, this 
method was not used to evaluate the rate equation at this 
temperature. The best curve going through the origin was 
drawn through the data. At selected XA values the concen-
tration of reactant CA and the slope of the curve, which 
represents the rate of the reaction, where found. To deter-
mine CA' constant average values of CAO and €A were assumed 
based on the feed solutions used. The rate expression was 
then guessed and the function of concentration, f(C), was 
evaluated at each conversion. By plotting rate versus f(C), 
a straight line through the origin results when the rate 
equation is consistent with the data. The slope of this 
line is the rate constant for the reaction. The plots 
obtained are given in Figures 16 and 17. 
When using the first order rate, the function f(C) 
equaled 
CAO(l - XA) 
(1 + (AXA) 
and the calculated slope was 
l.9944 at 2oo 0 c 
and 3.25 at 24o 0 c 
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Table 22 
Differential Analysis of Experimental Data 
Date (6c) XA FA2 W/FAO of Run (lb mo e /min) 
-----
June 8 200 .1306 4.82942xlo-4 4. 20837x102 
June 10 200 .4643 1.55166xlo-4 1. J0982xlOJ 
June 12 200 .0899 8.8785x10 -4 2. 2 891Jxlo2 
June 14 240 .3997 6.65604xlo-4 J.05347x102 
June 2J(I) 240 .4149 4 .11840xl0 -4 4.93493x102 
June 2J(II) 240 .5168 6 -4 1.71 OxlO 1 .184 J8xlOJ 
July 1 240 .6259 l.Ol476xl0-4 2. 002 83xlOJ 
July 8 JOO .77439 l.69021x10-4 l.20246xlOJ 
July 15(1) 200 .6826 2.0JOJ8xlo-4 2.17272x10J 
July 15(II) 200 .7763 8.456J6xlo-5 5.21672x10J 
July 15( III) 240 .7962 2.5J69lxlo-4 1. 73891x103 
July 17 240 .5848 4 -4 .2928xl0 l.02764xlOJ 
July 29 (I) 240 .4461 5.14742xlo-4 8.57022x102 
July 29(II) JOO .83378 l.7158lxlo-4 2.57106xlOJ 
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Using a second order rate f(C) equaled 
and the rate constants became -
k = 1385.9 at 200°c and 
k = 3037.97 at 24o 0 c 
At 200°c a first order equation showed a better fit 
to the data. 
The crucial operations with this method are drawing a 
curve through the data points and finding the slope at 
selected points. Even the slightest uncertainty in the 
slope of the fitted curve will result in a large uncer-
tainty in evaluated slopes. 
(16) 
A summary of the reaction rate constants (k) calculated 
for each method and model can be found in Table 23. It shows 
that both the integral and differential methods have reason-
able agreement of k values with the maximum percent dif-
ference between the values being 10%. In both cases the 
distinction between the two models was difficult. But from 
all the evaluation techniques, it can be concluded that the 
results lean toward a first order reaction occurring with 
respect to methanol. 
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Table 23 
Summary of Calculated Reaction Pate Constants 
Integral Method 
Tsm) Graphical l C Straight Line 
200 2.1333 
240 3.2258 
JOO 4.6667 
Differential Method 
200 
240 
Graphical 
Straight Line 
1.9944 
3.25 
Computer 
Fit 
1.3256 
2.7992 
J.6615 
Computer 
Fit 
1.6333 
J.1431 
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Average 
From <T 2 
1.9871 
J.8138 
tx_y_ 
iixL 
1.4425 
3.2576 
6.2.2 Temperature Dependency 
Now that the concentration dependency has been found, 
the role of temperature on the reaction rate has to be deter-
mined in order to obtain the complete rate equation. The 
concentration terms remain unchanged by temperature while 
the rate constant is concentration-independent but tempera-
ture dependent. 
The temperature dependence of the rate constant can be 
expressed by Arrhenius' law: 
k = k e-E/RT (17) 
0 
Where k
0 
is the frequency factor in units (time-1 ) 
(concentration)l-n and Eis the activation energy of the 
reaction. The exponential factor e-E/RT represents the 
fraction of the collisions between molecules that have 
sufficient energy to result in reaction. In gas phase re-
actions it is necessary that the molecules collide with a 
certain minimum energy in order for a reaction to occur. 
The activation energy E, is the energy that the sum of the 
energies of the colliding molecules must exceed for the pro-
ducts to be formed. A detailed description of this behavior 
using the collision theory can be found in Levenspiel.(l5) 
A plot of ln k versus 1/T (Figure 18) reveals the 
activation energy to be 7.51183 x 103 Btu/lb mole for first 
order reaction. (Second order gave a value of 1.2676 x 104 
Btu/lb mole). It can be interpreted that there is a shift 
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in slope between the points on the curve instead of a 
straight line joining them. This shift of activation 
energy with temperature reflects a change in the control-
ling mechanism of the reaction. Since only three tempera-
tures were evaluated it is not proof that this is actually 
what happened but the results could be accounted for by 
the error in the experimental data. 
Error in the data interpretation at low temperatures 
could be accounted for by the relationship between activa-
tion energy and temperature. Reactions with high activation 
energies are very temperature-sensitive while reactions with 
low activation energies are relatively temperature-insensitive. 
A given reaction is much more temperature-sensitive at low 
temperatures than at high temperatures. Therefore with the 
reactions carried out at 200°c and 24o 0 c and a relatively 
high activation energy, the temperature fluctuations 
through the reactor could cause problems. The true tem-
perature of reaction may not be the temperature that was 
recorded. The result was that reaction rates that did not 
occur at the same temperature were compared. This, in turn, 
affected the calculated rate constant. 
A rule of thumb that is often used in predicting the 
increase in reaction rate with increase in temperature is 
that the rate doubles for every 10°c increase in temperature. 
This really didn't appear to be the case for the data 
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collected. Looking at similiar reactant conversions at 
200°c and 24o 0 c, rates at the higher temperatures averaged 
1.5 times those at the lower temperature. 
For the statement to be consistent - that for every 
10°c increase the reaction rate is doubled - the activation 
energy of the equation would need to be 6.01587 x 104 
Btu/lb mole. Here the value calculated was 7.5118 x 103 
assuming first order reaction. This would support the 
possibility of different reactions occurring, or of 
different mechanisms occurring at the two reaction 
temperatures. 
6.J Catalyst Reduction 
Since the analytical results showed a variety of pro-
ducts formed and the development of the rate expression 
indicated the possibility of two mechanisms occurring, the 
development now leads into an explanation of what chemical 
step reactions are actually occurring in the process to 
produce hydrogen from methanol. This aspect of a catalytic 
study can be investigated in detail and tied in with the 
rate expression, but for the purpose of this work only 
speculation is possible. The information that can assist 
in understanding the chemical mechanism is the activation 
of the catalyst. 
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The most effective variable on the product and rate 
was the method of reduction of the catalyst. From early in-
vestigations done with methanol synthesis and decomposition 
it was shown that the type of catalyst used, the length of 
time used to prepare or activate the catalyst and the tem-
perature of reduction of the oxide all affected the products 
that were formed. If the catalyst is to perform the best, 
i.e. at higher gas generation rates, the temperature of 
reduction must be kept at a minimum. 
In catalytic thermal decomposition of alcohols, it is 
generally supposed that dehydrogenation takes place on metal 
surfaces while on oxide surfaces dehydration is predominant. 
Copper powder was a primary catalyst used in methanol reactions 
and has been regarded as a dehydrogenating catalyst. When used 
in methanol decomposition, it has been considered to cause 
the reaction to take place in two stages.(l?) 
HCHO + H2 
With regard to dehydrogenation, the expected products 
include hydrogen, formaldehyde, and carbon monoxide. In 
addition, Ghosh and Chakravarty(lB) found methane and 
carbon dioxide during methanol decomposition which arose 
from 2CO + 2H2 ~ co2 + CH4 . As copper oxide was present in 
the catalysts, dehydration products could also be important, 
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(18) 
(19) 
thus dimethyl ether and water were possible products from 
2CHJOH -+ CHJOCHJ + H2o. 
Tylecote(l9) describes oxide films formed on copper 
above about 200°, as consisting of two layers, the outer of 
cupric oxide and the inner of cuprous oxide. Films above 
800° consist mainly of cu2o. Ronnquist and Fischrneister(
20) 
suggest that copper oxidation depends on: 
(a) formation of a coherent cuprous oxide film 
(b) oxidation of cuprous to cupric oxide, after 
which oxygen access is restricted; and 
(c) diffusion of Cu+ ions into the oxide, from 
(20) 
The interaction between the two oxides can be represented as: 
+ CuO + Cu + e C O Cu+ + e+ u2 + (21) 
Tracer studies were done by Lawson and Thomson(l7) to 
give insight into the decomposition mechanism. Since oxygen 
plays a key role in the activation of copper, catalysts 
labelled with oxygen-18 were prepared. The following scheme 
was proposed: 
/co+ o 
CHJOH 
~ 2H + 20 2 
cat 
cat 
( 2J) CO + H2o 
(22) , ~ 
-+ co 0 
---, 
(24) 
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For lightly oxidized catalysts where the products consist-
ed of hydrogen and carbon dioxide without any water, reaction 
(24) would appear to be faster than (22), allowing the water-
gas shift reaction to remove water by mechanism (25). This 
proposed mechanism became inadequate when the catalyst was 
heavily oxidized and caused the major products to be hydrogen, 
carbon dioxide and water with formaldehyde as a minor pro-
duct. An alternate mechanism to explain the enrichment of 
carbon dioxide at these conditions is that the carbon mon-
oxide interacts with two surface atoms of enriched oxygen, 
through a carbonate surface-complex, i .e I: 
co + 02- + 02- ~ co 2- + 2e ~ CO2 
2- ( 26) ..--- 3 ~ + 0 
This complex has been postulated by several authors (21,22) 
when discussing the interaction of carbon monoxide with 
transition-metal oxides and appears to be consistent with 
all the experimental data. 
Studies were also going on to develop better catalysts 
besides copper that could be used for the methanol decom-
position reaction. Most of the investigations were done on 
the synthesis reaction but parallels were found to occur 
between the two reactions. 
It was found that catalysts which gave the highest per-
centages of carbon monoxide and hydrogen in the decomposition 
of methanol also gave the maximum yield of alcohol in the 
synthesis. The reaction conditions for the decomposition 
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reaction were better suited for laboratory experimentation 
at low pressures and temperatures. 
The most important group of catalysts studied consist-
ed of combinations of non-reducible metallic oxides in which 
it is generally essential to have the most basic component 
present in preponderating quantities. It was found that 
the metallic oxides behaved differently when mixed 
together than when separate. 
Sabatier( 23) studied the decomposition of primary 
alcohols over zinc-chromium oxide catalyst. He found that 
zinc oxide was more active than chromium oxide and that zinc 
was principally dehydrogenating in action while chromium was 
dehydrating in character. He also observed that by changing 
the composition of the catalyst the side reactions that 
occurred were affected. He pointed out that when over 50% 
chromium was used, greater amounts of carbon dioxide and 
unsaturated hydrocarbons were found in the product. 
Several reactions might be formulated which would 
represent the formation of unsaturated hydrocarbons. 
Among these may be noted the following:( 24 ) 
S,lch a dehydration of methanol is highly probable over a 
catalyst containing excess chromium oxide. It is also 
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(27) 
( 28) 
highly probable that further dehydration of the dimethyl 
ether to ethylene can take place according to reaction (28). 
In fact, Sabatier( 23) indicated the complete dehydration of 
methanol 2CH30H ;::= c2H4 + 2H2o when the dehydrating catalysts 
thoria, alumina, and blue oxide of tungsten were employed. 
Lewis and Frolich( 25• 26 ) continued work with a zinc-
copper-aluminum catalyst combination in a ratio of 36:44:20. 
The zinc was reduced by methanol by: 
(29) 
Again it was shown how composition of a catalyst has an 
effect on which reaction will be predominant. With pure 
copper, formaldehyde was formed. When small amounts of zinc 
(5 - 25 mole%) were present, methyl formate was favored, pre-
sumbly due to polymerization of initially formed formaldehyde. 
When catalyst composition changes to excess of zinc oxide, 
the mechanism was altered to yield predominantly carbon 
monoxide. 
2 HCHO 
HCHO 
Fenske and Frolich( 27) did further work on the decom-
position reaction with a catalyst made of a ternary mixture 
. 
of copper, zinc, and chromium oxides (49:4J:8). This time 
their emphasis was on the reduction procedure. 
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(JO) 
(Jl) 
It was found that the activity of any metal catalyst 
depends to a considerable extent upon the manner of its 
formation when it is reduced from its oxide. The nature 
of the reducing agent may then have an important influence 
on the ease with which an oxide is reduced. This may be 
illustrated by considering the following ways that zinc 
oxide may be reduced:( 28 ) 
1/3 CH30H + ZnO(s) ~ 1/3 CO2 + 2/3 H2o + Zn t::. G = 14,526 cal (32) 
CH3oH + ZnO ~CO2 + H2 + Zn(s) 
H2 ( g) + ZnO ~ H2 0 + Zn 
CO + ZnO ~ CO2 + Zn 
1/2 C + ZnO ---+ 1/2 CO2 + Zn( s) 
LlG = 8,188 cal (JJ) 
6 G = 17,696 cal ( J4) 
6G = 13,708 cal (J5) 
6G = 21,079 cal (J6) 
(free energy change at J6o 0 c, 
1 atm) 
Reaction (33) has the greatest tendency to reduce the zinc 
oxide, and a calculation indicates that, if equilibrium were 
established at 360°c for this reaction, the gases might contain 
as high as 7 percent carbon dioxide. Clearly when the reduc-
ing agent is in a nascent state, the extent of reduction is 
entirely indeterminate. Furthermore, the reduction of copper 
oxide by methanol is exothermic and could furnish the necessary 
energy for zinc oxide to be reduced when these two oxides are 
present in an intimate mixture. The zinc oxide may exert a 
quenching action on the copper oxide reduction, and this may 
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partly account for the very marked effect that a small amount 
of zinc oxide has when mixed with copper oxide. 
It was proposed that with low temperature reduction 
(18o 0 c) of the catalyst by methanol, the initial reduction 
would involve complete oxidation of methanol into carbon 
dioxide and water. Once reduction had started and active 
sites were available to decompose the methanol into carbon 
monoxide and hydrogen, the carbon monoxide became the reduc-
ing agent with formation of carbon dioxide. 
(J7) 
Since the catalyst used for this investigation had a 
copper-zinc-aluminum ratio of 44:46:9, the dominating behavior 
would be from zinc. This would then indicate that the first 
catalyst bed reduced with methanol would follow equation (JJ) 
while the second reduction would pattern reaction (J4). 
The first reduction developed into a dehydration process 
with formation of dimethyl ether. The reaction could proceed 
as follows to support the observations: 
(J8) 2CHJOH ;:::= CHJOCHJ + H20 
( 39) CHJOCHJ ;= C2H4 + H2o 
( 40) c2H4 ~ 2C + 2H2 
The appearance of carbon helps support this mechanism. 
Another cause for the carbon could also be explained in 
relation to the methanol. According to Seelig(Z9), when 
(41) 
methanol vapor first contacts the catalyst oxides, a highly 
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exothermic reaction occurs forming water, and, if the tem-
perature is high enough, carbon can be formed. Regardless 
of the uncertainty of what is considered a high temperature, 
it is a possibility that this represents a second explana-
tion for the existence of carbon and that the reaction steps 
did not proceed through ethylene production. Since there 
was no indication from the analytical techniques that 
ethylene was formed but dimethyl ether was, this would in-
dicate that only reactions (38) and (41) occurred. It 
appears that more oxides were present without a reducing 
agent and the selectivity of the reaction changed. The 
active sites were not available for the production of 
hydrogen and carbon dioxide. 
From the second reduction it would seem a likely mech-
anism for the reaction to proceed through the production of 
carbon monoxide. The carbon monoxide would become a reduc-
ing agent during reaction and further open active sites for 
hydrogen production. The mechanism would proceed as follows: 
(42) CH3oH ;::::::: CO+ 2H2 
(43) CO+ H20 ~CO2 + H2 
The second step here (Reaction 43) is the water-gas shift 
reaction. The equilibrium constants of the water-gas shift 
reaction are sufficiently large at synthesis temperatures so 
that at equilibrium virtually all of the water or carbon 
monoxide is consumed. 
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6 .4 Thermodynamics 
The thermodynamics of the proposed equations can further 
indicate the likelihood of the mechanism occurring. The prop-
erties of interest are the heat of reaction and equilibrium 
constants corresponding to each reaction. 
Each chemical reaction is accompanied by the evolution 
or absorption of heat because of the differences in molecular 
structure and energy of the products and reactants. The over-
all methanol reaction illustrates a case where the products 
of the reaction possess greater energy as a result of their 
structure than the reactants and it was therefore necessary 
to supply energy to accomplish this reaction. 
Initial calculations began with determination of heats 
of formation of each compound taking part in the reactions. 
The heat of reaction at standard conditions was determined 
from the difference of enthalpies between the products and 
reactants in their standard states at the base temperature 
of 25°c. 
To evaluate the heat of reaction at the reaction tem-
peratures, three theoretical steps were considered for 
calculation purposes.(JO) First the reactants were brought 
to the base temperature and a corresponding enthalpy change 
was determined by: 
t:,. Ho = R I 
reac-
tants 
298 
(n J c~ dT) 
Tl 
-94- .. 
(45) 
Next the reaction was allowed to proceed isothermally at 
298 K to yield the products with an enthalpy of 
Finally the enthalpy of the products raised to the specified 
exit temperature as found as 
T [ (nf 
prod- 298 
ucts 
c0 dT) p (46) 
The summation of the terms determined the total standard heat 
of reaction {6H0 ) at the specified temperature T. The heat 
capacity of the products and reactants were expressed as a 
function of temperature by the equation: 
C~ = A+ BT+ CT2 + DTJ + E/T (47) 
A summary of the heat of reaction for all the reactions can 
be found in Table 24. These provide the amount of energy 
that is needed for each reaction to occur in one direction. 
Looking at the first proposed reaction scheme in the 
previous section (reactions 38-41), all the reactions are 
exothermic with reaction (41) releasing the most energy at 
8660 cal/g mole at 200°c. The calculations prove that the 
overall methanol-water reaction is endothermic and requires 
the most heat input at 300°c at 1.4486 x 104 cal/g mole. 
The proposed step reactions (42) and {4J) are endothermic and 
exothermic accordingly. The methanol decomposition reaction 
has a heat of reaction of 2.386 x 104 cal/g mole at Joo 0 c. 
Therefore a sufficient amount of heat had to be supplied 
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Table 24 
Summary of Heat gf Rea8tion for ~11 Reactions 
at 200 , 240 , and JOO C 
REACTIONS 
First Proposed Reaction Mechanism 
CH30H ~ 1/2 cH3ocH3 + 1/2 H20 (38) 
1/2 CH3ocH3 -1 1/2 c2H4 + 1/2 H2o (J9) 
1/2 c2H4 ~ C + H2 (40) 
CH3 OH ~ C + H2 0 + H2 
(41) 
Second Proposed Reaction Mechanism 
CH30H ~ CO + 2H2 
(42) 
CO+ H2o ~CO2 + H2 (43) 
CH30H + H2o 4 CO2 + 3H2 
(44) 
LlH 6 H200 AH240 6. H300 Reac- 25 
tion (cal/mole} (cal/mole) (cal/mole) (cal/mole) 
JS -2813,95 -2,584036xlo3 -2.537732x103 -2.474099xlo3 
39 -655.95 -4.690978xl0 2
 
-4.414196x102 -4.10.3227x102 
40 -6248.o -5.606454xl03 -5.477297x103 -5,300749x103 
41 -9717,9 -8.65959ox103 -8.456451x103 -8.185172xlo3 
42 21664,3 2.32035ox104 2.348393x10
4 2.385685x104 
43 -9838.2 -9.586105x103 -9,503996x103 -9 ,370468x103 
44 11826.1 1.361739x104 1.397993x10
4 l .448638xlo4 
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before this mechanism was possible. The calculations showed 
that the heat of reaction increases as temperature increases 
for an endothermic reaction and decreases for an exothermic 
case. 
Another thermodynamic term that assists in defining the 
feasibility of the reaction schemes and the physical behavior 
in the reactor is the equilibrium constant. It represents 
the activities of the reacting species which coexist in a 
mixture that is at chemical equilibrium. 
If a reaction is allowed to proceed, the activities of 
the products and the mole fraction of the product species 
will increase while those of the reactants will decrease. 
The equilibrium constant does not vary with pressure and 
composition but it is a function of temperature. On the 
other hand the equilibrium concentration of materials and 
equilibrium conversion of reactants is influenced by pressure 
and inerts. The constant is related to the standard Gibbs 
free-energy change through the equation -
(48) 
This relationship was used to determine the equilibrium 
constant at 25°c for each reaction. The standard Gibbs free-
energy changes were calculated from tabulated values of ~ G0 
for each reaction species found in Reid.(ll) The constants 
corresponding to the experimental reaction temperatures 
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were found from the temperature dependency equation given 
as 
A derivation of this equation from Van't Hoff's relation-
ship can be found in Balzhiser.(Jl) 
The equation was then integrated between temperature 
(49) 
T1 = 25°c and T2 = the temperature of reaction, to obtain the 
given form -
ln 
(Ka)T 
2 = dT (50) 
-r-( K-a.....-) T-
l 
This equation can be used to determine any equilibrium constant 
for a corresponding temperature if Ka is known at any tempera-
ture T1 and the heat of reaction can be expressed as a function 
of temperature. The calculated equilibrium constants for each 
reaction are found in Table 25. A Ka value that is much larger 
than one (Ka:>::> 1) indicates that practically complete con-
version is possible and that the reaction can be considered 
to be irreversible. If Ka<< 1, then the reaction will not 
proceed to any appreciable extent. 
Referring to reactions (38) through (41), it can be seen 
that the production of dimethyl ether is difficult due to a 
small Ka value less than 10. This path of reactions is not 
very attractive and unless influenced by other factors in the 
reactor, would have a tendency not to occur. However, the 
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Table 25 
Summary of Equilibrium Constants for all Reactions 
at 200°, 240°, and 300°c 
Reac-
REACTIONS 
First Proposed Reaction Mechanism 
CHJOH ~ 1/2 CH3ocH3 + 1/2 H20 ( 38) 
1/2 CH30CHJ ~ 1/2 c2H4 + 1/2 H20 ( 39) 
1/2 c2H4 ~ C + H2 (40) 
CHJOH ~ C + H2o + H2 (41) 
Second Proposed Reaction Mechanism 
CHJOH ;: CO + 2H2 
CO + H2o ~ CO2 + H2 
ctt3oH + H2o ;= CO2 + 3H2 
0 
6 G25 
(42) 
(4J) 
(44) 
tion ( cal/gmole) K25 K200 K240 
J8 -2122. 85 3.5993x101 6.61956 5.35237 
KJOO 
4.13736 
39 -5681.85 l.463oxlo4 l.0264xlo
4 9.98835x103 9.4609x103 
40 -8141 9 .2898x105 2.2397x104 l.414lxlo4 8.1281x103 
41 -15945.7 4.8919x1011 1.5217x109 7 .4806x10 8 3 .1816xlo 8 
42 5882.1 4.8747x10-5 5.5842x104 3.8724xlo2 4.4o45x103 
43 -6816.2 9,9271x104 2.2647xlo2 l.0258xlo
2 3,8892xlo1 
44 -934,1 4.8392 l.2646xlo4 3,9721x104 1. 71Jlxlo5 
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fourth reaction looked at independently is a more attractive 
alternate path for methanol. This reaction is as follows: 
(41) 
Since the equilibrium constant is extremely large at a 
magnitude of 108 it is reasonable to assume that carbon was 
produced by this reaction and ethylene was never produced. 
From the equilibrium constants calculated for reactions 
42, 43, and 44 at the three reaction temperatures, it is 
reasonable to assume that the overall methanol reaction (44) 
can go to completion due to its large Ka of magnitude 104 to 
105. In looking at the two step proposed reaction mechanism, 
K42 >K43 above 24o
0 c. This indicates reaction 42 is more 
likely to go to completion and reaction 4J becomes more of a 
rate controlling step. Since the magnitudes of the constants 
at 24o 0 c are not extremely different, this postulate doesn't 
hold much weight. On the other hand since reaction 42 is 
endothermic)the proper amount of energy must be provided 
before anything will occur. An interesting point is that at 
the lower temperature (2oo 0 c) K42 < K43 which is in reverse 
of what was calculated at higher temperatures. This could 
cause a changing rate mechanism and controlling equation as 
the temperature increases. This would correspond to the 
change in slope of the activation energy curve as previously 
discussed. This switch in controlling equilibrium is due to 
the fact reaction 42 is endothermic and reaction 43 is 
exothermic. 
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For an increase in temperature, equilibrium conversion 
rises for endothermic reaction and drops for exothermic re-
actions. Constants for reaction 42 increased from 5.584 x 101 
to 4.405 x 103 as the temperature increased from 200°c to 
300°c and decreased for reaction 43 from 2.265 x 102 to 
1 J.889 x 10 for the same temperature range. For gas phase 
reactions with an increase in pressure, an increase in con-
version also occurs when the number of moles decreases with 
reaction and drops when the number of moles increases. 
-101-
7, CONCLUSIONS 
From the series of experimental runs conducted in the 
packed bed integral reactor with a fixed feed and varying 
W/FAO and temperature, the following conclusion can be 
drawn about the methanol reaction: 
CH
3
0H + H20 ~ J1-i2 + CO2 
1. v:hen the volumetric flow of feed increased, 
the conversion of methanol in the reactor 
decreased. 
2. With all other conditions being constant an 
increase in temperature caused an increase in 
conversion. 
J. By increasing the size of catalytic bed, the 
contact time increased and higher conversion 
resulted. 
4. The method of reduction is important in obtain-
ing the catalytic selectivity desired. 11\'hen 
reduction was performed with 2% methanol, 
dimethyl ether formed while reducing the 
catalyst with hydrogen produced hydrogen and 
carbon dioxide. 
5, The overall reaction 1s probably first order 
with respect to methanol (-r~ = k CA) with 
rate constants of 2.133, 3,226, and 4.667 
ft.3/min-lb at 200°, 240°, and Joo 0 c respec-· 
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tively. The activation energy of the reaction 
is 7,51183 x 103 Btu. 
6. The two proposed reaction mechanisms for the 
two reduction methods are: 
2CH3ott ~ ctt3octt3 + H2 0 
ctt3ott ~ C + H2o + H2 
and 
CH30H ~ CO + 2H2 
CO + H20 ~ CO2 + H2 
These are allowed by thermodynamics and 
supported by experimental data. 
7, Carbon monoxide was analytically identified 
in the product and increased with conversion, 
which supports the proposed mechanism. 
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8. APPENDIX A 
Flow Reactor Design Model 
An ideal steady-state flow reactor as used in this 
experimental study is referred to as a tubular reactor or 
plug flow reactor. It is characterized by the fact that the 
flow of fluid through the reactor is orderly with no element 
of fluid overtaking or mixing with any other element ahead or 
behind. In other words, the necessary and sufficient con-
dition for plug flow is for the residence time in the 
reactor to be the same for all elements of fluid. 
In this reactor the composition of the reaction mix-
ture varies from point to point along a flow path. Therefore 
it is necessary for a differential element of volume dV to be 
used for the material balance. The general expression for 
reactant A becomes 
input= output+ disappearance by reaction 
For an incremental volume illustrated in Figure Al this 
becomes 
where: 
+ 
FA= input of A as flow rate, moles/time 
FA+ dFA = output of A, moles/time 
= rate of disappearance of A, 
moles A reacting 
(time) (volume of fluid) 
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(Al) 
(A2) 
Relating the change in flow to conversion of the reactants) 
dFA becomes 
d 
Replacing this into equation A2, results in 
(/:. J) 
( A4) 
The expression must be integrated through the reactor volume 
if the expression is to represent the behavior in the entire 
reactor. 
V 
l ( A5) 
Since the rate is dependent on the conversion and the feed 
rate remains constant, the equation simplifies to 
= 
XAf 
= 1 dXA 
0 -rA ( A 6) 
r 
Distance through reactor 
Figure Ali Notation for a Plug Flow Reactor 
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,/ 
where r is a performance measurement. 
The space time, i' , refers to the time required to process 
one reactor volume of feed measured at specific conditions. 
When the reactor becomes packed with catalyst, whose 
surface becomes the reaction site, it is best to change the 
basis of the rate expression. It is most desirable to base 
the rate of reaction upon the mass of catalyst and remember 
that the rate may vary with any of the factors which affect 
the amount and character of the surface. 
The design expression now becomes 
= -r 'dW A (A7) 
which integrates to: 
=t 0 r' A ( A8) 
where W = mass of catalyst 
r'A = rate as moles A reacting (time) (mass of catalyst) 
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APPENDIX B 
Integral Method of Analysis of Data 
In a variable-volume reactor the rate expression for 
the change of component i will be -
or 
r. = 
1 
d(C.V) 
l 
dC. 
l 
dt 
dt 
1 
= V 
V dC. + C.dV l 1 
dt 
(Bl) 
It is more convenient to replace concentration with fractional 
conversion (X.) as the primary variable. Conversion is defined 1 
as the fraction of reactant converted into product or -
x. = 
1 
( B2) 
The restriction can also be made that the volume of the 
reacting system varies linearly with conversion or -
where 
V = v0 (1 + (. X.) l 1 
(. is the fractional volume change of the system 1 
(BJ) 
between no conversion and complete conversion of the reactant 
i. This term accounts for both the reaction stoichiometry 
and the presence of inerts. 
( = . 1 V 
x. = 0 
l 
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(B4) 
The concentration term now becomes 
C. N. NiO (1 - X.) CiO (1 - x.)
 (B5) 
= 1 = 1 = 
1 
1 V VO (1 + (.X.) (1 + (. X.) 1 1 1 1 
and the rate equation becomes 
-1 dN. 1 NiO 
d(l - X.) 
1 1 
-r. = dt = v0(1 + f .x.) 1 V dt 1 1 
or 
CiO dX. 
-r i = (1 
1 (B6) 
+ t · X ·) dt l 1 
The integral form of this equation becomes 
x. 
1 
C. ~ dX. l t (B7) io (1 + f · X ·) ( -r ·) = 1 l 1 
A rate equation is then selected and transformed into the 
corresponding integral form and evaluated. 
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1. Introduction 
Methanol and water can be decomposed catalyticly accordiug 
to the endothermic gas phase reaction: 
CH30H + H20 = 3 H2 + CC2 
A pilot plant was built in room 139, Whitaker Laboratory at 
Lehigh University, which utilizes this reaction to produce a 
mixture of hydrogen and carbon dioxide. The product stream 1s 
separated into its components using a continuous gas absorbtion 
system. 
In the pilot plant, a mixture of methanol and water 1s 
vaporized and superheated before entering a fixed bed catalytic 
reactor. The unreacted methanol and water, exiting fror.. the 
reactor, are condensed and separated from the gaseous reactor 
effluent. The noncondensable reaction products, carbon d iox id e 
and hydrogen, are further treated in the absorbtion systtm. The 
carbon dioxide is scrubbed from the gas product in an absorbtion 
column, leaving pure hydrogen as the absorber exit s trear.i. 'l he 
absorbant is transferred to a stripping column where it is boiled 
to liberate the carbon dioxide. Water vapor is removed fro~ th~ 
carbon dioxide stream as it passes through an overhead condenser 
at the exit to the stripper, leaving a pure stream of carbon 
dioxide. The regenerated absorbant is cooled before b£ing 
returned to the absorber. 
Before operating the pilot plant, it is important that the 
role and function of each piece of equipment is thoroughly 
understood. Hydrogen is a highly explosive gas and extreme 
caution should be exercised at all times. This operating manual 
contains a set of operating conditions which have been shown to 
be satisfactory for the production of carbon dioxide and 
hydrogen. It is suggested that these conditions be used 
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initially. On subsequent runs it may be valuable to vary: 
- the feed concentration and flow rate, 
- the reactor temperature, 
- the catalyst and its concentration, 
- the absorbant, its flow rate, and concentration. 
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2. Equipment Description 
A process flow diagram is given in Figure 2-1. It shows the 
location and designation of each piece of equipment as we 11 as 
the thermocouples and valves. Technical information and 
descriptions for each piece of equipment are presented in the 
following pages. The description steps through the plant 
following the flow path through reaction and purification. 
Additional information on the location and function of each valve 
and thermocouple is given in Appendix C, 
Feed Tanks: Tanks I and II each have a capacity of ~.3 
gallons. Tank I should hold a 2% methanol solution to be used 
for regeneration of the catalyst. Tank II should hold a 26.2% by 
weight methanol solution to be used for the production of 
hydrogen. The methanol solutions are fed to the pilot plant by 
applying a regulated nitrogen pressure. The feed passes through 
a metering valve and rotameter before entering the vaporizer. 
Vaporizer: The vaporizer consists of a l II internally finned 
copper tube packed with glass beads, inside of a 24" section of 
2" copper tube. The liquid methanol solution enters the bot tor:. 
of the internal tube, is vaporized by steam condensing in the 
annulus, and exits as a vapor at the top, 
Electrical Preheater: The vapor from the vaporizer 1s 
superheated by passing it through a 39,75' by 1/4" copper tube 
coiled inside a steel pipe packed with ceramic rings. Two 
electric, heaters are placed in each end and are controlled by two 
variable autotransformers (Powerstats) on the panel board. See 
Appendix B, Figure B-2. 
Reactor: The catalytic reactor is a 22" by 2", 316 stainless 
steel pipe, filled with catalyst. Four thermocouples extend into 
the reactor through end caps to various levels. Additional 
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Figure 2-1 Hydrogen Pilot Plant Flow Diagram 
thermocouples are placed at the entrance and exit. The reactor 
is wrapped with three ceramic covered heating wires 
(top-16.5',middle-33',bottom-16.5' long). The heaters are 
controlled by Powerstats located on the front panel (see Figure 
B-2). Fiberglass insulation is used to minimize heat loss. See 
Figure 2-2 for a schematic diagram of the reactor. 
Condenser: The reaction products are passed through a water 
cooled condenser consisting of a 36' by 3/8" stainless steel coil 
inside a 24" by 4" stainless steel pipe. 'J>... thermocouple is 
located at the exit of the condenser. 
Liquid-Vapor Separator: The liquid (methanol and water) and 
gaseous products leaving the condenser are separated in a 20'' by 
4" copper tube. The 1 iquid product can be drained or pumped to 
the refractometer. The gas leaves the top of the separator, 
passes through a check valve and is sent to the bottom of the 
absorbtion column. 
Absorbtion Column: The absorber consists of five 14" 
sections of 4" Pyrex glass pipe packed with 3/4" graphite Raschig 
rings. The reactor gas mixture is scrubbed of carbon dioxide by 
a rnonoethanolamine (MEA) solution flowing countercurrent. The 
remaining gas (primarily hydrogen) leaves the top of the 
absorber, passes through a wet test meter, and is vented to a 
hood. 
Heat Exchanger: The MEA solution containing carbon dioxide 
1s pumped from the bot torn of the absorbtion column through the 
coil ( 18' by 3/8" stainless steel tube) of a heat exchanger. 'lhe 
solution is heated by a hot MEA solution passing countercurrent 
through a 12" by 4" stainless steel pipe. 
Stripping Column: The glass shell o~ the stripper 1s 
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identical to the shell of the absorbtion column. It is packe:d 
with l" Raschig rings and has a 3/8" stainless steel coil at th~ 
bot tom in which steam is condensed to provide heat. Carbon 
dioxide is released by the boili~g liquid. The gas (primarily 
water vapor and carbon dioxide) exits through the top of the: 
column, while the hot liquid is pumped from the bot tom of the 
column to the shell side of the heat exchanger mentioned above:. 
Stripper Gas Condenser: The gas leaving the stripping colu~~ 
passes through the shell side of a water cooled condenser 
identical to the one mentioned above. The condensed liquid is 
returned to the stripper by gravity through a 7 /8" monel tube. 
The gas exits at the top of the condenser, passes through a wet 
test meter, and is vented to the atmosphere. 
Solution Cooler: The hot MEA solution which was pumped from 
the bottom of the stripping column, through the shell side of the 
heat exchanger, is now further cooled by passing it through the 
coi 1 ( 7 2' by 3/8" stainless stee 1 tube) in a water cooled 
exchaniger (36" by 4" stainless steel pipe). The cold solution 
then passes through a rotameter before returning to the top of 
the absorbtion column. The calibration curve for the rotameter 
is given in Appendix A. 
Technical information on the following mechanical apparatus 
can be found in the supplementary appendices: 
- Eastern Centrifugal Pumps: Appendix G 
- Anacon Process Differential Refractometer - Mo~el 31S: 
Appendix H \ 
\ 
- Beckman Gas Chromatograph - Model GC-1: Appendix\! 
- Honeywell Recorder: Appendix J 
- Thermo Electric Digital Temperature Indicator - Model 
31611: Appendix K 
-119-
3. Operation 
The operation of the plant includes making preliminary 
checks on the system, starting up the reactor and absorbtion 
' 
s~stem separately, and then bringing the entire plant to steady 
state. The following outline gives the steps to follow in order 
to produce and separate hydrogen and carbon dioxide. While 
reading through this outline it will be helpful to refer to the 
flow diagram (Figure 2-1), the tables of valve and thermocouple 
designations (Tables C-1 and C-2), the circuit breaker panel 
table (Table B-1), and the sununary of operating conditions given 
in Appendix D. A data sheet, given in Appendix E, will assist the 
operator in the collection of pertinent data. 
The pilot plant is designed to allow the gas separation 
system to be operated independently. It may be desirable to do 
this to aid in the understanding of this system alone. 
3.1. Preparation for Start-Up 
1. If it has been established that the catalyst should be 
replaced, replace and regenerate it according to the 
instructions in Appendix F. 
2. Check the pressure in the nitrogen and helium tanks. 
If the pressure in the nitrogen tank is below 500 
psig, make sure a spare tank is available. If either 
tank is below 200 psig, it should be replaced. 
3. Start up the gas chromatograph: 
a. Turn on the heater(circuit breaker #14). If the 
system is being used on a day-to-day basis, it 
should be left on continuously. 
b. Slowly increase the pressure indicated by the 
gauge on the chromatograph to 30 psig. To do 
this open the main helium valve and valve #39 
and increase the pressure supplied by the 
regulator. 
c. Only after the pressure has been increased, 
attach the battery clips to the battery 
terminals and turn the polarity knob to 
"-"(negative). This turns on the power to the 
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detector. If the current indicator gives a 
negative deflection, reverse the leads to the 
battery. Adjust the course and fine adjustment 
knobs to obtain a current of 200 milliamps. 
4. Check the composition and level of the solution in 
tank II. If the composition is unsatisfactory or the 
level is below about 1/ 4 full, prepare a maximum of 
approximately 4 gallons of feed. (For normal 
operation the feed composition is 26.2% by weight 
methanol.) Make ~ the tank is not pressurized. 
Remove the tank plug and fill the tank. Replace the 
plug using teflon ribbon dope to ensure an airtight 
seal. 
5. If the absorbtion and stripping columns are empty or 
the average liquid level is below the first joint of 
the columns, prepare a 30.2 weight percent (5 N) 
solution of MEA. The total volume of the system is 
about 2 gallons. Properties of MEA and its solutions 
can be found in Appendix A. 
6. 
Fill the system: ) 
a. Pour the solution into tank III. 
b. Open valve #25. 
c. When liquid is seen entering the bottom of the 
stripping column, close valve #40. 
d. Turn on pumps I and II (circuit breaker #6). 
e. Throttle valve #28 to give a low flow rate on 
the rotameter. 
f • When tank III is nearly empty, turn off the 
pumps and open valve #40. 
g. When tank III is empty, close valve f25. 
Check for chart paper and ink in the Honeywell 
recorder and the recorder for the gas chromatograph. 
7. Check the liquid levels in the wet test gas meters. If 
the levels are not near the pointed tip of the 
indicators, add or drain water as needed. 
8. Go through the valve check list given in Table 3-1 to 
make certain all valves are in their proper position 
for start-up. 
9. Purge the reactor system with nitrogen: 
:...121-
Table 3-1: Valve check list before start-up 
OPEN CLCSE 
1 X 
,: 2 X 
3 X 
4 X 
5 X 
6 X 
7 X 
8 X 
9 X 
10 X 
11 X 
12 X 
13 X 
14 X 
15 X 
16 X 
17 X 
18 X 
'J! 19 X 
20 X 
21 X 
22 X 
23 X 
24\ X 
25' X 
26 X 
27 X 
28 X 
29 X 
30 ;x 
31 X 
32 X 
33 X 
34 X 
35 X 
36 X 
37 X 
38 X 
39 X 
40 X 
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a. Open valves 110, 413, and tl5. 
b. Set the pressure on the nitrogen regulator to 5 
psig. 
c. Open valve tl2 and allow the gas to flow for 
about 5 minutes. 
d. Close valves #10 and #13. 
3.2. Start-up of the reactor system 
1. Open the cooling water supply valve (#1). 
2 . Open the steam supply valve (#2) and drain the 
condensate by opening valve # 3. 
3 . Close valve #3, open valve #4, and set the steam 
pressure to 28 psig. 
4. Pressurize the feed tank by setting the nitrogen 
regulator presssure to 60 psig and opening valves #5 
and 17 (Assuming Tank II is being used). 
5. Open valve 49. 
6. Turn on the the digital readout and the Honeywell 
recorder (breaker t2). The Honeywell recorder also 
has a chart drive switch and an instrument power 
switch located inside the recorder. Make sure these 
are in the "on" position. 
7. Turn on the differential refractometer if it is to be 
used (breaker #10). 
8. Turn on the preheaters and the reactor heaters 
(breakers #5, #7, t9, #11, and #13). 
9. Set the Powerstats to the following recommended 
initial levels (see control panel, Figure B-2): 
top 2 am_E-is 
middle 2 amps 
bottom 4 amps 
preheater l 95 volts 
preheater 2 100 volts 
10. Open valve tlO and set the flow rate chosen for this 
experiment (30 cc/min. reconunended initially). 
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3.3. Approach to reactor system steady state 
l. Monitor the solution feed rate, adjusting valve #10 to 
maintain a constant flow rate. 
2. Check the nitrogen pressure periodically. 
3. Check the steam pressure periodically. 
4. Monitor the system temperatures using 
read.out and Honeywel 1 recorder. 
temperatures should not be allowed to 
the / maximum reactor temperature is approached, 
decnease the power levels on the preheaters' and 
the digital 
The reactor 
exceed 250 c. As 
reactor's Powerstats. 
5. Observe the hydrogen wet test meter for indication of 
gas production. 
6. When the steady state has been reached, drain the 
liquid-vapor separator by opening valve #14. Measure 
the volume of liquid collected, note the time, and 
close valve 414. 
3.4. Gas separation system start-up 
If the gas separation system is to be used in conji;nction 
with the reactor system, the steps in the previous sections must 
be executed first. If the gas separation system is to be used 
independently, follow the steps in the previous sections which 
apply to the gas absorbtion system, but keep valve #15 closed and 
supply a mixture of nitrogen and carbon dioxide through valve 
#18. 
1. Turn on pumps I, II, and Ill using breakers 44 and tG. 
2. Adjust valve #28 to give a flow rate indicated by a 
rotameter reading of approximately 4.0. 
3. Adjust valve #27 to give a constant liquid level at 
about the first joint of the absorbtion column. Note: 
Valves #27 and 128 must be monitored constantly to 
maintain a constant flow rate and absorber column 
liquid level. 
4. Turn on steam valve 136 to 
stripping column. Adjust the 
psig. 
-124-
supply steam to the 
steam pressure to 5-10 
3.5. Operation at steady state 
Monitor the following: 
1. MEA solution: Liquid level in the absorbtion column 
and the flow rate should be kept constant by adjusting 
valves 127 and 128. 
2. Temperatures: Reactor temperatures should not exceed 
250 c. 
3. Stearn pressure to the stripper: Adjust valve #36 to 
keep this pressure at 5-10 psig. 
4. Feed rate: 
feed rate. 
Adjust valve tlO to maintain a constant 
5. Nitrogen pressure: If the nitrogen pressure in the 
cylinder goes below 250 psig, replace the cylinder: 
a. Close valves t5, #12, and the main cylinder 
valve. 
b. Replace the cylinder while monitoring the feed 
rate and adjusting valve 110 as necessary. 
c. upen the main cylinder valve and adjust the 
guage pressure to 60 psig. 
d. Open valves #5 and 112 and check the feed rate. 
Measure the following system parameters: 
1. Gas flow rates: Several measurements of gas flow rates 
should be takell by timing the wet test meters for 1-2 
minute intervals. 
2. Liquid effluent properties: If the refractometer is to 
be used, allow the liquid level in the liquid-vapor 
separator to reach approximately 1/4 full. 'I'urn on 
pump IV using breaker 112 and adjust the flow rate 
through the refractometer (5-15 cc/min.) by using the 
pump controller. Monitor and record the relative 
refractive index while collecting the effluent. When 
the refractive index stabilizes, measure the specific 
gravity and absolute refractive index of a subsequent 
sample. 
If the refractometer is not being used, samples of the 
liquid effluent can be obtained for analysis by 
opening valve 114. 
3. MEA solution properties: Measure the specific gravity 
of the MEA solution at the entrance and exit of the 
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absorbtion column by taking samples from valves i20 
and 121. .After measuring their temperatures, return 
the used samples to tank III. 
4. Gas concentrations: Measure the gas compositions using 
the gas chromatograph. The chart recorder should b~ 
turned to 1/2" per minute with a span of 0-0.01 volts. 
To measure a sample of the hydrogen product: 
a. Close valve #34, open valve #33, and allow the 
sample to flush through the gas chromatograph 
for about 1-2 minutes. 
b, Introduce the sample to the gas chromatograph's 
column by switching the position of the gas 
sampling valve (R to Lor L to R). 
c. Al low about 8 minutes for al 1 gasses to pass 
through the column to the detector. 
d. To check for consistency of the sample, 
introduce another sample by switching the 
sampling valve. This will then return the 
sampling valve to its original position. 
To measure a sample of the carbon dioxide product: 
a. Close valves i31 and #33 and open valves #32 and 
#34. This may be done immediately after the 
previous sample has been introduced to the gas 
chromatograph's column. 
b. Switch the sampling valve as before. 
c. Check for consistency. 
d. Return to the original flow path by closing 
valve 132 and opening valve 131. 
If a sample of the reactor gas is desired: 
a. Close valves 122 and 134 to flush the gas 
chromatograph sampling valve. 
b. Open valves 133 and 135. 
c. Switch the sampling valve as before and check 
for consistency. 
d. When finished sampling, quickly return to the 
original flow path by closing valves 133 and i35 
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and opening valves 122 and 134. 
3.6. Shut down 
After running at steady state for the desired length of time 
(approximately 1-2 hours), the system may be shut down. 
1. Turn off pump IV (breaker il2) and the refractometer 
(breaker #10) if they are on. 
2. Drain the liquid-vapor 
The liquid should be 
composition measured. 
#14. 
separator by opening valve #14. 
collected and its volume and 
Note the time and close valve 
3. Turn off the power to the reactor by turning 
Power stats to zero and turning off breakers #9, # 11, 
and #13. 
4. Decrease power to the preheaters by setting the 
Powerstats to 30 vol ts each. Monitor the preheater 
outlet temperature. If it goes below 150 C, increase 
the power to the preheater to avoid introduction of 
liquid to the reactor. 
5. Since the methanol-water decomposition reaction 1s 
endothermic, increase the solution feed rate to aid 1n 
cooling the reactor. 
6. Close valve 136 to shut off steam to the stripper. 
7. Turn off pumps I, II, and III (breakers #4 and 16). 
8. If the system will not be used for a month or more, 
drain the MEA system by opening valves #23 and 124. It 
may be necessary to turn the pumps on briefly to 
completely drain the system. Close these valves when 
completed. 
9. Shut down the gas chromatograph: 
a. Turn off the power switch on the chart recorder 
and lift and cap the pen. 
b. Turn off the power to the 
disconnect the battery. 
dEtector and 
c. Close the helium tank main valve and valve #39. 
10. When all the reactor temperatures are below 200 C, 
turn off the preheaters (breakers #5 and 17). 
11. Close the steam valves t2 and #4. 
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12. Close the feed valve 110, followed by valves#:., #7, 
and #9 to seal off the feed tank. 
13. Decrease the nitrogen pressure to ap~roximately 10 
psig and open valve 113 to allo'w the nitrogen to 
circulate through the system. After 2 to 3 minutes, 
close valve 115 followed by valve 113. Close valvE: 
112 and the main nitrogen tank valve. 
14. Turn the cooling water off (valve #1). 
15. Turn off tht Honeywell recorder 
temperature indicator (breaker l2). 
and digital 
At this time all the breakers should be off (except #14 wheD the 
system is being used on a day to day basis) and the system sho~ld 
be in the same state as when originally approached. 
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Appendix A: Properties of rnonoethanolamine and its solutions 
Monoethanolarnine ( HO-CH2-CH2-NH2) is a viscous hygroscopic 
liquid with a molecular weight of 61.08. Its melting, boiling, 
and flash points are 10.3 c, 170.8 c, and 195 C respectivEly. It 
has a specific gravity of 1.012 at 25 C (1). The properties of 
its solutions and the calibration curve for the rotarneter on the 
pilot plant are shown in the following figures. 
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Appendix B: Control panel 
The circuit breaker designations and the control panel 
configuration are shown on the following pages. 
Table B-1: Curcuit breaker panel 
1 Dead 
2 Digital readout and Honeywell recorder 
3 Dead 
4 Pump III 
5 Preheater 
6 Pumps I and II 
7 Preheater 
8 Dead 
9 Reactor heater 
10 Refractometer 
11 Reactor heater 
12 Pump IV 
13 Reactor heater 
14 Gas chromatograph and recorder 
D 
Figure B-1: Circuit breaker designations for electrical outlets 
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Appendix C: Valves and thermocouples 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
Table C-1: Valve designations 
P1ain water 
Main steam 
Steam condensate drain 
Secondary steam 
Feed tank pressurization 
Feed tank I pressurization 
Feed tank II pressurization 
Feed tank I outlet 
Feed tank II outlet 
Metering feed 
Refractometer pump 
Nitrogen tank 
Nitrogen reactor purge 
Liquid-vapor separator liquid drain 
Gas product control to separation system 
Nitrogen feed to mixing station 
Carbon dioxide feed to mixing station 
Gas mixture control 
Gas product control to separation system 
MEA sampling line (bottom of absorber) 
MEA sampling line (top of absorber) 
Absorber column gas product outlet 
MEA system drain 
MEA system drain 
MEA feed tank 
Line between pumps I and II 
MEA solution control to the stripper 
MEA solution control to the absorber 
Stripping column gas product outlet 
Condenser overflow drain 
Stripping column gas product to wet test meter 
Stripping column gas product to gas chromatograph 
Absorber column gas product to gas chromatograph 
Absorber column gas product to wet test meter 
Gas product or gas mixture to gas chromatograph 
Steam supply to stripping column 
Tank II drain 
Tank I drain 
Helium feed 
Stripping column exit 
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Table C-2: Thermocouple designations 
All thermocouples are Thermo Electric - Type J 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14-20 
Reactor inlet 
2.4" from bottom reactor 
4.2" from bottom reactor 
10" from bottom reactor 
4.4" from top reactor 
Reactor outlet 
Preheater outlet 
Absorber solution inlet 
Stripper feed - spent MEA solution 
Stripping column middle 
Reactor condensate product outlet 
Room temperature 
Refractometer 
Vacant 
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' Appendix D: Operating parameters 
Feed flow rate: 5-50 cc/minute 
Minimum steam pressure: 25 psig 
Maximum nitrogen pressure: 60 psig 
Operating pressure of the reactor: atmospheric 
Reactor temperature: 200 - 275 C 
Catalyst: Copper zinc oxide (L-1035) 
Suggested solution for gas separation system: 
weight (5 N) monoethanolamine (MEA) in water 
Solution flow rate: 175 - 1500 cc/minute 
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30,2% by 
Appendix E: Sample data sheet 
Note: In many cases these data are the result of repeated 
periodic readings which must then be averaged or integrated. 
Run 
Solution flow rate: 
Steam pressure: 
cc/min. 
psig 
Steam pressure (stripping column): 
Nitrogen pressure: psig 
Date 
Methanol feed solution: % by weight 
MEA solution: % by weight 
MEA solution flow rate: Reading, 
psig 
cc/min. 
Hydrogen meter: ft 3 , psig, For C 
Carbon dioxide meter: ft 3 , psig, For C 
Liquid collected before reaching steady state: cc. 
Methanol in water before reaching steady state: % by wt. 
Time needed to reach steady state: hours 
Flow rate through refractometer: cc/min. 
---
Percent methanol after steady state: % by weight 
Time after steady state: 
MEA solution (top of absorber): 
MEA solution (bottom of absorber): 
Reactor gas product composition: 
% , 
% , 
Hydrogen gas stream composition: 
% , 
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hours 
lb/ft 3 
lb/ft 3 
% 
% 
For C 
For C 
Carbon dioxide gas stream composition: 
% I 
Top reactor: 
Middle reactor: 
Bottom reactor: 
Preheater 1: 
Preheater 2: 
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Appendix F: Catalyst replacement and regeneration 
The catalyst used for the production of hydrogtn from 
methanol is a copper zinc oxide catalyst (L-1035} produced by 
United Catalysts. It has a pellet size of 3/16" by 3/16" and on 
average weight per pellet of .2976 grams. The catalyst must bt 
reduced before it is active. 
First to replace the catalyst : 
1. Check to make sure that the reactor heater breakers 
are at the 11 CFF 11 position, that there is no pressure 
in the reactor, and that the reactor is cold. 
2. Remove the insulation from the reactor and expose the 
thermocouples located at the top and bottom. 
3 . Label the five thermocouples and unplug them. 
4. Disconnect the 3/8" copper tube going into the 
base of 
the reactor at the Gyrolok nut next to the 
IIT''. 
5. Disconnect the 3/8" copper exit tube at the 
top of the 
reactor. 
6. Li sconnec t the electrical wires. 
7. Remove one of the metal supper t pipes and ti 1 t the 
reactor through the angle iron. Be very careful not 
to damage the ceramic insulators and thermocouple 
wires. Handle the reactor only at the bare metal ends 
and set it down on a table. 
8. Remove the four bolts from the top and take off the 
blind flange with the teflon seal. 
9, Pour the expended catalyst into a metal or glass 
container. 
10. Fill the reactor with new catalyst (approximately 1000 
ml} . 
11. Reverse the steps to replace the reactor, making sure 
that the exposed heating wires are electrically 
insulated from the support bar in the back of the 
reactor. 
To reduce the catalyst: 
1. Follow the operating steps that pertain to the reactor 
system. 
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2. Use a reactor temperature of 200 C and feed 
concentration of 2% by weight of methanol in water. 
This solution should be stored in Tank I. 
3. Feed continuously at a rate of 2 pounds of feed per 
hour per pound of catalyst for six hours 
( approximately 12 cc/min. if the reactor is packed 
totally with catalyst). 
4. Immediately upon completion of, this reduction the 
regular feed can be introduced. 
A recommendation from the manufacturer is to reduce the c
atalyst 
with a feed of 2 percent hydrogen in nitrogen at 200 c. C
are must 
be taken in introducing the feed slowly due to the exo
thermic 
reaction taking place. The reduction is complet
e when all the 
hydrogen is recovered (approximately four hours). 
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Appendix G: Technical information on pumps 
This information does not pertain to the direct operation of 
the hydrogen pi lot plant. Therefore, for the convenience 
of 
handling, this appendix has been bound in a separate volu~e. I
t 
can be found in the Chemical Engineering Department at Lehig:
-: 
University. 
\ 
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Appendix H: Operating manual and technical information on 
differential refractometer 
This information does not pertain to the direct operation of 
the hydrogen pilot plant. Therefore, for the convenience of 
handling, this appendix has been bound in a separate volume. It 
can be found in the Chemical Engineering Department at Lehigh 
University. 
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Appendix I: Operating manual and technical information on the gas 
chromatograph 
This information does not pertain to the direct operation of 
the hydrogen pilot plant. Therefore, for ,the convenience of ( 
handling, this appendix has been bound in a s~parate volurnt, It 
can be found in the Chemical Engineering Department at Lehigh 
University. 
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Appendix J: Operating manual and technical information on the 
Honeywell recorder 
This information does not pertain to the direct operation of 
the hydrogen pilot plant. Therefore, for the convenience of 
handling, this appendix has been bound in a separate volume. It 
can be found in the Chemical Engineering Department at Lehigh 
University. 
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Appendix K: Technical information on thermocouples and digital 
temperature indicator 
This information does not pertain to the direct operation of 
the hydrogen pilot plant. Therefore, for the convenience of 
handling, this appendix has been bound in a separate volu~e. It 
can be found in the Chemical Engineering Department at Lehigh 
University. 
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